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Summary

In this thesis, low-frequency noise (LFN) mechanisms of multiple-gate transistors are
investigated. The first-time observations and analyses, together with necessary
modifications or re-derivations of LFN model equations, provide important guidance
for multiple-gate transistor circuit designs and multiple-gate MOS technology
optimizations. Performing meaningful LFN measurements in the presence of
undesired disturbances from electronic equipments is always a difficult task. A
floating-gate (FG) test structure that constructs the characterized MOSFET with an
extra control gate is proposed for the MOS transistors. By using this test structure, no
gate bias is required in the drain-current noise measurement. As a result, any potential
disadvantages from gate-bias supply networks that would prevent accurate noise
measurements are totally excluded. It is also the first experimental demonstration in
MOS technology for the joint effect of a backgating noise and an instrumental
disturbance observed in planar resistors. The FinFET and the nanowire transistor are
both important candidates for future CMOS scaling beyond the 32-nm node. Hence,
the investigation of LFN characteristics in symmetric double-gate (DG) FinFETs and
gate-all-around (GAA) silicon nanowire transistors (SNWTs) from weak to strong
inversion at low drain bias is performed. The dominant noise generation mechanism
changing from mobility fluctuation to number fluctuation as the conduction behavior
changing from volume to surface in both FinFETs and SNWTs is observed and
analyzed for the first time. In weak inversion, the analytical expressions of the drain-
current noise spectra for the FInFET and the SNWT are re-derived respectively based

on the Hooge’s theory. For SNWTs in weak inversion, the impact of the channel



orientations on the LFN is also studied for the first time. It is concluded that stronger
current and mobility enhancement in <010> orientation translates to a higher LFN
level in the same orientation. And the channel orientation study further confirms that
the mobility fluctuation mechanism is dominant in weak inversion. In strong inversion,
for FinFETs, to determine the causes of the observed deviation from the unity slope of
the noise—frequency dependence, detailed measurements of the temperature
dependence of the noise power spectra are performed. The model equations based
respectively on the Dutta—Horn’s and McWhorter’s theories are both re-derived for
analyzing the noise characteristics in FinFETs, and the applicability of both models is
thoroughly discussed. Since the workfunction difference between the poly-Si gate and
the almost-intrinsic Si-channel of the SNWT sets the threshold voltage too low, for
SNWTs in strong inversion, besides the devices with poly-Si gate, the LFN
characteristics of SNWTs with two other gate electrodes, namely, the doped fully-
silicided (FUSI) gate and undoped FUSI gate, are also included in the discussion. This
is the first time that the impact of different gate electrodes on the LFN of SNWTs is
reported. FUSI metal gate shows superior suppression of correlated mobility scattering
than the poly-Si gate. The SONOS-type non-volatile memory (NVM) cells fabricated
based on the FInFET or the SNWT demonstrated good memory performance with the
Fowler—-Nordheim (FN) tunneling, a widely used programming and erasing
mechanism. Hence, a comparative investigation of the degradation of LFN levels
caused by FN tunneling stress for both the SNWT and the FinFET is performed. The
impact of device architectures on the oxide degradation under different polarities and
magnitudes of the stress voltage is studied for the first time. The SNWT with
cylindrical channel induces a higher electric field at the Si/SiO; interface than that in

the planar-channel FinFET, thus, the SNWT is more vulnerable for oxide degradation.
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As the fabrication process of the multi-gate transistors investigated is bulk-CMOS
compatible, the oxide and lattice quality of multi-gate transistors revealed by the LFN

measurements is comparable with that of the bulk CMOS.
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CHAPTER 1: Introduction

The device dimensions and thus the supply voltage are scaled down as the
technology node advances. In order to suppress the short-channel effect while
maintaining the device performace, more complex device structures and/or new
materials have been explored. Due to its inverse dependence on the gate area, low-
frequency noise (LFN) level is also elevated with device scaling. The signal-to-noise
ratio is degraded and LFN beomes a showstopper in certain applications [1]. The main
topic of this work is to investigate the LFN properties and understand the LFN
generation mechanisms in advanced device structures that may be the candidates for
future analog and digital applications. The experiences on different device structures
and materials used in the investigated ones can serve as a guideline for device design
and fabrication in low-noise applications. Increased LFN with the device downscaling
makes it extremely important to understand the origin of the noise and to reduce it

with a proper device design.

1.1. Motivations

Due to the past 40 years of continued scaling, conventional bulk MOSFETs are
approaching their scaling limit. More and more issues have arisen over the years of
aggressive scaling, such as the gate leakage and short-channel effects. Among the
techniques explored to overcome these problems, the multiple-gate transistor

architecture is a very attractive solution for ultra-scaled CMOS technologies beyond
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the 45-nm technology node. The transistor with multiple gates and fully-depleted body
provides an improved electrostatic control over the channel, and thus, suppresses the
short-channel effects. The SOI structure is able to reduce the junction leakage and
improve the electrical isolation even with a nearly undoped body. Several multiple-
gate transistor architectures have been proposed, such as FinFETs [2], Omega FETs
[3], and gate-all-around (GAA) nanowire transistors [4]. With the increased number of
gates in the multigate transistor structures, the drive current, the electrostatic control of

the channel, and the control of the short-channel effects are enhanced correspondingly.

Presently, only a few publications are available on the LFN properties of
multiple-gate transistors. The process and material influence on the LFN of double-
gate FinFETs including the hydrogen annealing step used during the gate oxide
processing and different gate materials (Mo, poly-Si) used during the gate electrode
processing were reported in [5] and [6], respectively. The general geometry
dependence of LFN in the linear region was reported for trigate FinFETs [7]. For a
single small-area GAA nanowire transistor, the random telegraph signal (RTS) noise
characteristics was studied [8]. While the summarized LFN behaviors of multiple
GAA nanowire transistors biased in the linear region were reported in [9], and the
effect of source/drain series resistance on the LFN was investigated at the same time.
From the above few reports on the LFN characteristics of multiple-gate transistors so
far, obviously there are many issues to be explored. Therefore, further LFN
investigations of multiple-gate transistors are urgently needed, which can act as part of
the guidelines for novel multigate-transistor circuit designs and further optimizations

of the multiple-gate CMOS technology.
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1.2.  Objectives

The objectives of this research are to
1. Propose a new methodology for accurate LFN characterization.
ii. Study the LFN mechanisms of double-gate FinFETs.
iii.  Study the LFN mechanisms of GAA silicon nanowire transistors (SNWTs).

iv. Extract the noise parameters (e.g., Hooge parameter, oxide-trap density) of
FinFETs and SNWTs with necessary modifications or rederivations of the

noise model equations, and compare with those in bulk MOSFETs.

1.3.  Approaches

Firstly, the current conduction behaviours of FinFETs and GAA SNWTs have
to be thoroughly studied, since the difference between the volume conduction and
surface conduction may affect the LFN behaviours, and the dc parameters extracted in
this stage are necessary for the noise parameter extraction in a later stage. Then, the
LFN characterization is carried out, which itself is a very challenging task. Before any
analysis on LFN mechanisms, acquiring reliable LFN data without disturbances from
the power supply and environment is very important. After obtaining all the necessary
noise data, through the bias, geometry, temperature, and frequency dependences of the
LFN data, it could be concluded whether the LFN is generated from mobility
fluctuations or number fluctuations or correlated. After that, the noise parameters like
Hooge parameter and oxide-trap density could be extracted correspondingly in the

respective case. Note that for noise parameter extractions, the model equations of LFN
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in bulk MOSFETs have to be modified whenever necessary for their applications in

FinFETs or SNWTs.

1.4.

il.

1il.

1v.

Major contributions of the thesis

The major contributions of this thesis are listed below:

. Proposed a new test structure for accurate LFN characterization of CMOS

devices, which could totally exclude the noise contribution from the bias
network at the gate side. And this method could easily be used in the non-

volatile memory floating-gate structures.

Investigated LFN mechanisms of double-gate FinFET transistors from weak to
strong inversion. The different conduction behaviours in different operation

regions were discussed together with the different noise mechanisms observed.

Studied the temperature dependence of LFN in the double-gate FInFET biased
in the strong-inversion region. Applicability of McWhorter model and thermal-

activation model were then discussed.

Investigated the LFN mechanism of GAA SNWTs biased in the subthreshold
region. Similar to the FinFET case, the volume-inversion effect on LFN in this

region was discussed.

Studied the channel orientation dependence of the LFN in SNWTs biased in
the subthreshold region to further confirm the noise generation mechanisms in

this region.
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vi. Investigated the LFN mechanisms of GAA SNWTs biased in the strong-
inversion region. The impact of different gate electrodes on the LFN was

observed and studied.

vii. Performed the constant-voltage Fowler—Nordheim (FN) tunnelling stress on
both FinFETs and SNWTs with different magnitudes and polarities of the
stress voltage. And the impact of the device architectures on the LFN was

clearly oberserved by this comparative study.

1.5.  Organization of the thesis

This thesis is written in six chapters. Chapter one introduced the motivations,
objectives, approaches, and major contributions of this work.

Chapter two briefly reviews the fundamental 1/f noise concepts, namely, the
number fluctuation and mobility fluctuation theories. The most powerful description
available so far for LFN characteristics in MOSFETs, in terms of agreement with
experimental data, is the so-called correlated mobility fluctuation theory. However, for
the small-area devices, only a handful of near-interface traps remain active, resulting
in a specific RTS noise behaviour.

Chapter three first describes the conventional measurement setup for LFN
characterization, and then introduces an alternative and accurate way of driving the
CMOS device into different drain-current levels for LFN characterization. A floating-
gate (FQG) test structure that constructs the characterized MOSFET with an extra
control gate is proposed. A metal-insulator-metal (MIM) capacitor is used to construct
this control gate. Instead of applying different input DC bias supplies for the gate

terminal of the MOSFET, the device is directly programmed to the drain-current levels
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of interests by CHARGE/DISCHARGE operations. In this case, no gate bias is
required in the drain-current noise measurement, so that any potential disadvantages
from gate-bias supply networks that would prevent accurate noise measurements are
totally excluded. The LFN measurement results demonstrating the feasibility of the
proposed test structure are also reported.

Chapter four presents the LFN characteristics of symmetric double-gate n-
FinFETs from weak to strong inversion at low drain bias. The noise generation
mechanism is investigated. The measured drain-current noise spectral density shows
that LFN in the weak-inversion subthreshold region can be well described by the
mobility-fluctuation model due to volume-inversion conduction behavior, which is
very different from those normally observed in the bulk NMOS. The analytical
expression for the drain-current noise spectral density is derived, with the Hooge
parameter ap being extracted. In the strong inversion region, the gate-voltage
dependence of the room-temperature noise data agrees with the number-fluctuation
model, but the slope of the frequency dependence is less than one. To determine the
causes of the observed deviation from the unity slope, detailed measurements of the
temperature dependence of the noise power spectra are performed and results from
two devices are presented in this chapter. It is found that both the magnitude and the
frequency dependence of the drain-voltage noise spectral density vary greatly in the
range between 223 and 383 K. The experimental results are compared with two
models derived based on the Dutta—Horn and the McWhorter models. It is shown that
the thermal-activation model of Dutta—Horn is more convincing than the latter, which
shows that the noise is due to the capture and emission of carriers by oxide traps
through thermal activation. The surface-trap density at a specific activation energy is

extracted.



CHAPTER 1: Introduction

Chapter five first investigates the LFN in the subthreshold region of both n-
and p-type GAA SNWTs. The measured drain-current noise spectral density shows
that LFN in this regime can be well described by the mobility-fluctuation model due to
volume-inversion conduction behavior and the Hooge parameter is extracted. LFN in
the SNWTs with channel oriented in <010> and <110> directions is compared. It
shows that the observed mobility enhancement in the <010> direction for p-type
transistors leads to a corresponding increase of the LFN level in the <010> direction
compared to that in the <110> direction. Then the LFN of GAA SNWTs with different
gate electrodes (poly-Si gate, doped fully-silicided (FUSI) gate, and undoped FUSI
gate) is studied in the strong-inversion region. It shows that gate electrodes have a
strong impact on the LFN of SNWTs. The highest noise is observed in SNWTs with
poly-Si gate, compared to their FUSI-gate counterparts. The observations are
explained according to the number fluctuation with correlated-mobility fluctuation
theory by assuming that the correlated mobility scattering is better screened in the case
of undoped-FUSI gate. Finally, the degradation of 1/f noise levels caused by FN
tunneling stress for both SNWTs ang FinFETs is investigated. The oxide-traps
generated under constant voltage FN stress are extracted from the 1/f noise
characteristics. Under the same FN stress voltage and stress time, the amount of oxide-
traps generated in the cylindrical-channel SNWT is much larger than that in the
planar-channel FinFET, which is due to the increased electric field at the Si0,/Si
interface caused by the cylindrical architecture of the SNWT.

Finally, Chapter six summarizes and concludes the LFN characteristics
observed in both FinFETs and SNWTs with suggestions and recommendations for

future investigations.
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CHAPTER 2: Fundamental Low-Frequency
Noise Mechanisms in MOSFETs

Noise is an internally generated small signal in the device, and can be modeled
as an additional voltage source or current source to the small-signal equivalent circuits.
For example, for a drain-current noise source inoise(f) in the MOSFET, the total drain
current can be expressed as ips(f) = Ig+ inoise(?), Where 41s the ideal noiseless dc bias
current. The noise component ins(f) has zero average value. In the noise

measurement, the noise current is characterized as the mean square value, denoted by

2
lnoise

() . However, the amount of noise measured depends on the bandwidth of the

measurement instrument, and commonly a very narrow bandwidth Af centered at a

frequency f'is involved. The ratio of the mean square value i’ () to this bandwidth

Af as Af approaching zero is defined as the power spectral density of the current noise,

denoted by Si(f) with unit of A*/Hz. Thus, the mathematical relationship between

> () and Si(f) can be expressed as: ﬂ = I: S,(f)df , where f; and f; are the lower

lnoise
and upper limits of the measurement bandwidth, respectively. Similarly, for a voltage
Noise SOUrce Voise(?), the power spectral density of the voltage noise source is denoted

by Sv(f) with unit of V?/Hz and Vo= '[:2 S, (f)df . The low-frequency noise (LFN) is

the noise signal dominant in the frequency range around 1 Hz to 10 kHz. Random
telegraph signal (RTS) noise and 1/f noise are the two commonly observed noise

signals in this frequency regime and are briefly reviewed below [1].
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2.1. Fundamental noise sources

2.1.1. Generation-recombination noise

Generation-recombination (g-r) noise in semiconductors is the fluctuations in
the number of carriers for current transport originated from the random capture and
emission of carriers by traps. Traps in this case mean the electronic states within the
forbidden bandgap, and are related to various defects or impurities in the
semiconductor and at its surfaces. The interactions between traps and transport carriers
include generations and recombinations of free electrons and holes at the trap sites or
free electrons (or holes) bound to and emission from the empty traps. The electronic
charge of the trapped carriers can also induce fluctuations in the carrier mobility, the
electric field, and the width of the space charge region etc. G-r noise is only significant
when the difference between the Fermi energy level Er and the trap energy level is
within a few kT. Otherwise, few transitions will occur to produce g-r noise. When the
trap level is far below the Fermi level, the trap will be filled most of the time. When
the trap level is far above the Fermi level, the trap will be empty most of the time. The
power spectral density of the g-r current noise Sy has the shape shown in Figure 2.1

and is called a Lorentzian. The mathematical expression of Sj is given by [10], [11]

s, =2n 2o N a

NPT NP1+ (Q2af)r @D

where Sy is the power spectral density of the fluctuations in the number of carriers N,
Nt is the average number of active traps, and 7 is the time constant for transitions,
which is related to the average capture time 7. and emission time 7. of a trap as 1/7 =
1/t, + 1/z.. It is seen from (2.1) that Sy is proportional to the number of traps Nt and

inversely proportional to the square of the number of carriers N. The magnitude of the
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time constant 7 depends on the trap energy level and the spatial position of the trap.
For an appropriate distribution of the time constants of multiple traps, the power

spectral density may become proportional to 1/f.
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Figure 2.1: A Lorentzian shaped power spectral density in the frequency domain.

2.1.2. Random-Telegraph-Signal (RTS) noise

The RTS noise is just a special case of the g-r noise mentioned above. The
summation of the RTS noise from one or more traps with identical time constants
leads to the g-r noise. If the number of traps is small so that the discrete switching
events are observable in the time domain, it can be viewed as the RTS noise. The
current switching events between two or more states in the RTS waveform are the
result of random trapping and detrapping of carriers into and out of the active traps
involved. The two-level RTS noise waveform is displayed in Figure 2.2 with the
switching amplitude A/ and time durations in the lower (z1) and higher (zy) states
indicated. Generally, the higher-state and lower-state time constants (g and 7)) of an

RTS follow a Poisson distribution, according to [12] as Number of Occurrence (7y) ~

10
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exp(—tu/<tg>) with <z> the average time constant in the higher state. A similar
expression holds for 7;.. These time constants can generally be identified as the capture
and emission times for the corresponding traps. This two-level time-domain current
noise signal can be transformed into the power spectral density form with the

expression derived as [13]

4(Al)?

5:(/)= (z, + (77, +1/7,) + 2z )]

2.2)

Hence, the power spectral density for the RTS noise is also of the Lorentzian type.
Figure 2.1 is the Lorentzian power spectral density in the frequency domain for the

RTS noise signal in the time domain in Figure 2.2.

2 89 -
=2 A |
— 892
G 888 1 Al
O 884 H R A
0.000 .001 .002 .003 .004
Time (s)

Figure 2.2: The current switches between two discrete levels when an electron moves in and out of
a trap. This RTS noise waveform in the time domain corresponds to a Lorentzian in the
frequency domain in Figure 2.1.

The random interaction between a single carrier and a single trap observed as a
two-level RTS noise signal in the time domain is a very interesting and important
phenomenon for extraction of the trap information. In the MOSFET, those DC
parameters important for the noise characteriscs, such as the number of carriers for
current transport and the position of the Fermi level, have a strong dependence on the
bias conditions. Hence, the trap information, such as the trap energy level, capture and

emission time constants, and the spatial location of the trap, can be acquired from the

11
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bias dependence of the RTS noise signal together with the help of the temperature

dependence studies [12], [14]-[16].

2.1.3. 1/fnoise

1/f noise, also called flicker noise, is another important noise signal dominant
in the low-frequency range. The power spectral density of such noise fluctuations is
normally proportional to 1//” with the frequency exponent y close to 1 (0.8 ~ 1.4),
which leads to the name ‘1/f’. The general form of the power spectral density for 1/f

noise can be expressed as [10], [17]-[19]

_KI*

5=

(2.3)

where K is a constant and f is a current exponent.

In the earliest explanation of 1/f noise spectra in semiconductors in 1950 [20],
[21], it was believed that 1/f noise was generated by the carriers trapping into and
detrapping from the traps. Every single trap leads to a Lorentzian noise power
spectrum. The superposition of Lorentzians of g-r noise from a large number of traps
gave rise to the 1/f spectrum, if the distribution of the transition time constants of the

traps follows [22]

1
= <7<
g(7) TIn(, /7)) fort, <t <7, 2.4)

where 1/In(z,/7)) is the normalization factor.
However, in 1969, the second mechanism in explaining the 1/f noise was
proposed by Frits Hooge with the following empirical expression for the fluctuations

of conductivity o, mobility u and resistance r [23]:

12
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o S/l
—Z =L =—L=_1 (2.5)
y7i

It can be seen that these fluctuations were inversely proportional to the total number of
charge carriers N in the sample. The independent mobility fluctuation of each of the N
carriers contributes to the factor 1/N in (2.5) [24]. The parameter oy is the
dimensionless parameter, named the Hooge parameter. It was found that ay depends
on the crystal quality with a maximum value around 2x10° and 2-3 orders of
magnitude lower for good quality materials. It was also suggested that the mobility
fluctuation is mainly caused by the phonon scattering [25]. The Hooge formulation has
been supported by a large amount of experimental 1/f noise data in metals and bulk
semiconductors [18]. The weak point of the Hooge formulation is the lack of physical
principles to support this mobility fluctuation assertion. Several theoretical mobility
fluctuation 1/f'noise models have been proposed [26]-[31], but there are controversies
surrounding them and none of them is widely accepted so far.

There has been a long-term number fluctuation versus mobility fluctuation
debate in the noise research community about the source of the 1/f'noise. Either of the
two sources has been supported as the principal noise source by an abundant
experimental data. The dominant 1/f noise source may vary as the material of devices,
the type of devices, or the operation region, etc., varies. For the MOS device, a noise
generation mechanism called number fluctuations with correlated mobility fluctuations
is proposed from a fresh angle by Jayaraman and Sodini [32]. The dominant noise
source in this mechanism is still the trapping and detrapping interactions of the
channel carriers with the oxide traps, but the mobility fluctuation induced by the
coulombic scattering of channel carriers by the fluctuating trapped charges in the gate

oxide is also taken into account. Apparently, these mobility fluctuations have the same

13



CHAPTER 2: Fundamental LFN Mechanisms in MOSFETSs

origin as the number fluctuations, thus called ‘correlated’ mobility fluctuations. This
noise generation mechanism has been applied in the BSIM 3v3 as the compact 1/f

noise models for both n- and p-channel MOS devices.

2.2.  Number fluctuation noise in MOSFETSs

In this section, the discussions will be focused on the 1/f noise in the MOS
transistor, which is the fluctuation of drain current due to channel carriers trapping into
and out of the traps inside the gate oxide, i.e., number fluctuations of channel carriers.
The interactions between channel carriers and oxide traps are explained by the 1/f
noise model proposed by McWorther in 1957 based on the quantum mechanical
tunneling mechanism [33]. In this model, the tunneling time varies exponentially with
the distance of the trap from the Si/SiO; interface. For the superposition of g-r noise
with different time constants to produce 1/f noise, the spatial distribution of time
constants must be uniform. The McWorther model agrees very well with the
experimental noise data, especially for nMOS transistors [16], [34]. For pMOS
transistors, deviations between number-fluctuation noise model and experimental data
were often observed [35]-[37]. Later the correlated mobility fluctuation model is
proposed by taking into account the Coulombic scattering effect of the oxide-trapped
carriers on the mobilities of the channel carriers, in addition to the number fluctuation
of channel carriers [38]. The limitation of the number-fluctuation noise model on
resolving the discrepant bias dependence observed in n- and p-type MOS transistors is
conquered by this correlated mobility fluctuation model. However, the effect of
correlated mobility fluctuations was criticized for being overestimated without

considering the screening effect of channel carriers on the Coulombic scattering [39].
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The dynamic interaction between oxide traps within 3 nm from the Si/SiO,
interface and the carriers in the channel is illustrated in Figure 2.3. Such fluctuations in
the number of inversion channel carriers are translated to the fluctuations in the drain

current, which can be collected by the low-frequency noise measurements.

Gate Oxide
[

Si P-type Substrate

Figure 2.3: Schematic illustration of channel electrons in an nMOS trapping in and out of oxide
traps, leading to fluctuations in the number of channel carriers and therefore the drain current.

2.2.1. The McWorther model

In McWorther’s theory [33], the tunneling transition of carriers into and out of
the gate-oxide traps is proposed as the exact mechanism behind the number
fluctuations, and this theory has been widely recognized as one of the major principles
for 1/fnoise in MOSFETs.

The g-r noise Sqox of the oxide charge density Q. generated by the random

capture and emission of channel carriers by a single oxide trap can be written as

r
1+ (27 fr)?

2
Sou = v, Cox =5 4L (E)1 = [ (E)) 6)
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where Sy, is the power spectral density of the fluctuations in the flatband voltage V.
AE) is the Fermi-Dirac distribution function and represents the probability that the trap
at energy E is occupied

1

f(E) = . (2.7)
E-E,
1+ exp(ikT )

The total power spectral density of the fluctuations in the oxide charge density is

found by summing over the contributions from all the active oxide traps [38], [40]:

2
q Ec oW L ptox T
S 00 :WJ.EV _[0 _[0 IO 4Ntf(E)(1—f(E))mdxddedE (2.8)

where N, = Ni(x, y, z, E) is the trap density per unit volume and unit energy. N is
assumed to have a uniform spatial and energy distribution near the interface and the

product AE)(1 — A(E)) = —kTdf(E)/dE. Thus, we have

2
B iy Ly V0 S
ox WL ‘0 1+Q27x f1)

2.9)

The product AE)(1 — AAE)) = —kTdf(E)/dE is sharply peaked around the quasi-Fermi
level Ef; thus, only the trap density at Ef, i.e., Ni(EF), is considered. Other traps are
either permanently filled or permanently empty. The tunneling transition time constant

in the McWorther model is given as

1
T Y r,=7,exp(z/4) (2.10)

for an electron tunneling from the channel to a trap located at a distance z from the
interface, as indicated in Figure 2.4(a). The time constant 7, is often taken as 107" s.
By assuming the rectangular barrier, the tunneling attenuation length A predicted by

the Wentzel-Kramers-Brillouin (WKB) approximation is given as [40]
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-1
A= [%sz*% } (2.11)

where @p is the tunneling barrier height seen by the carriers in the channel and 4 is
Planck’s constant. 4 = 1 A for the Si/SiO, system. By substituting (2.10), the integral
in (2.9) can be evaluated, and together with (2.6), the gate-voltage-referred noise

spectral density Sv, 1s derived as

*kTAN
SVg == SV/h = %VTJ (212)
(00,4

(2.12) predicts no explicit gate bias dependence of the 1/f noise in the linear region
with quite a uniform channel-carrier distribution at low Vys values. Based on (2.12),
the density of the near-interface oxide-traps, N;, can be derived from the measured 1/f
noise magnitude. The variation of the frequency exponent y can be explained by
considering a nonuniform trap distribution. The exact 1/f spectrum with y = 1 is only
obtained when the trap density is uniformly distributed in the z direction. If the trap
density increases as its position moves closer to the Si/SiO; interface, y < 1 is expected;
and y > 1 is expected for the opposite case [32].

Strictly speaking, (2.12) is only valid above threshold, i.e., for Vg > V1. A
more general expression derived in the number-fluctuation framework has been
proposed by Reimbold, which is valid from weak to strong inversion at low Vys values

[34], [41]. The resulting normalized drain-current noise spectral density is given by

S[d _ q4/1 1 N

¢

— _— 2.13
[5 kTWL f}/ (Cox +Cd +Cit _ﬂQi)z ( )

with f = q/kT, Cy4 the depletion capacitance per unit gate area, Cj; the interface state

capacitance per unit gate area, and Q; the surface charge density of the inversion layer.
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In weak inversion, the condition |fQj| < Cox + C4 + Ci; can be assumed; thus, (2.13)
gives a constant plateau for Sld/ld2 at small values of /;.

Equation (2.12) and (2.13) are derived from Equation (2.8) based on the
assumption that the oxide trap density per unit volume per unit energy has a uniform
spatial and energy distribution near the interface. The y in the equation is to indicate
the possible deviation of the slope from the exact 1 in real situation. As long as y is

within the range of 0.8~1.4, the noise is considered as generic 1/fnoise.

In the McWhorter model, the distribution of tunneling times comes from the
reduction of the tunneling time (see (2.10)) with distance z in the oxide. For the
frequency range of interests and the measurement setup (1 Hz ~ 100 kHz), only traps
within a certain distance from the interface will contribute. For a given frequency f, the
depth of the oxide trap probed is based on a particular value of z,, and the value of 7,
reported in the literature is between 107'° and 10™'* s. It can be calculated based on
(2.10), even for the smallest probing frequency applied in this study, f = 1 Hz and the
smallest value of 7, reported, 7, = 10 s, the depth of the oxide trap probed is not
beyond 3 nm with respect to the Si/SiO; interface. However, to explain the 1/fnoise in
the subthreshold region, a variant of the original McWhorter model was proposed by
Fu and Sah [35]. In that case, it is assumed that the free carriers interact with a fast
interface trap, through thermal capture and emission at a rate of ~10° s™'. Then the
carrier trapped at the interface will be able to tunnel at constant energy to a near-
interface oxide trap and subsequently tunnel back, which again results in drain-current

fluctuations at low frequencies.
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2.2.2. The thermal-activation model

Besides the McWorther tunneling model outlined above, the thermal-activation
model [Figure 2.4(b)] with transition time constants exponentially depending on the

trap activation energy E as [43]

t=1,=1,exp(E/kT) (2.14)

can also give rise to the 1/f” fluctuations with an appropriate distribution of the time
constant zg,. The exact 1/f spectrum with the frequency exponent y = 1 is only obtained
when the trap density is uniformly distributed in the activation energy E. If the trap
density increases as the energy level E increases, y > 1 is expected; and y < 1 is
expected for the opposite case. Experimental evidences of thermally-activated phonon-
assisted capture and emission of channel carriers by oxide traps are shown in the RTS
noise studies in MOSFETs [12], [14]. The discussion and application of the thermal-

activation model is detailed in Chapter 4.

?

/
S —
Al

(b)

\fog)

/ (a)

Figure 2.4: Schematic representation of two major number-fluctuation based 1/f noise models: (a)
the classical tunneling model where the tunneling time decays exponentially with the trap depth
from the interface; (b) the thermally activated oxide trap model where the tunneling time decays

exponentially with the trap activation energy.
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In the recent decade, the strong support for the number-fluctuation model
comes from the behavior of RTS noise in submicron MOSFETs [44]-[48]. The
relative amplitude of a drain-current RTS in the linear region by neglecting the
possible impact of the mobility scattering can be expressed as [34], [47]

Al
d _ gm q 1- i (215)
I, I, wLC, | 1

ox

for an oxide trap at a distance z from the interface, with #,x being the gate oxide
thickness. A proportionality of Aly/l4 with g/l can be easily seen from (2.15). Since
gw/ly tends to be constant for small /g values in weak inversion with Ve < Vr, a

constant value of Aly/ly is predicted from (2.15) as [34], [44], [46]

AL, 1 ¢*/kT (1_ij o6

I, WLC, +C,+C, | ¢

ox

which is the counterpart of (2.13) derived by Reimbold for the 1/f noise in large-area

MOSFETs.

2.3.  Mobility fluctuation noise in MOSFETSs

2.3.1. The Hooge noise model

The Hooge mobility-fluctuation model is purely empirical in nature and was
first proposed to explain the 1/f noise in homogeneous semiconductors [18], [23].
According to Hooge’s empirical formulation, the drain-current noise generated by

carrier mobility fluctuations in the channel is given as

Si, _%y _ 9y 2.17)
I; /N fWLQ,
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where the total number of channel carriers N is expressed as WLQi/q. The Hooge
parameter ay is often considered as a constant and the typical values of ay range
between 10 and 10°° for silicon. The relationship in (2.17) is only valid when the
carrier density is uniformly distributed along the channel.

If the drain-to-source voltage across the channel is very large, the carrier
density is no longer uniform along the channel. Then the total drain-current noise is
evaluated by integrating the noise contribution from each small segment of the channel
over the entire channel, because the carrier density in each small channel segment can

be assumed uniform:

S L d a, uv
L, qoy j X 9@ MYy (2.18)

I, wr Q(x) ',
where Ig = WuQi(x)dV(x)/dx.
In the subthreshold region, the drain current is dominated by the diffusion

current expressed as

_ WKT u dQ,(x)

1
¢ q dx

(2.19)

Rearrange (2.19) and substitute it into the integral in (2.18), the same final expression
of SId/Id2 is obtained. However, for Vys >> kT/q in the subthreshold region, the Vg
dependence of the drain current and the surface charge density Q; is negligible. The

final expression of SId/Idz, which is also independent of the Vs value, is thus derived as

[49]
S, :2kT05H,u. (2.20)
L I, '

A common practice to determine the dominant LFN source in a MOSFET is to

compare the plot of the measured normalized drain-current noise spectra SId/Id2 Vversus
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drain current / in log-log scale with the plot of (gm/ld)2 and 1/ versus 4. As seen
from (2.15), if the number-fluctuation mechanism is dominant, Si/ls* will be parallel
with (gw/ls)’, whereas if the Hooge mobility-fluctuation mechanism is dominant,
Siw/Ii* will be parallel with 1/I; as seen from (2.18) and (2.20). However, both
mechanisms may fail to accurately describe the LFN characteristics over the entire

operation regions.

2.3.2. Mobility fluctuations caused by the phonon scattering

The channel carrier mobility ¢ in a MOSFET is limited by different scattering
mechanisms and has a strong dependence on the vertical electric field and the channel
charge density. If each scattering process j is independent from one another,
Matthiessen’s rule can be applied as

1 1
—=> — (2.21)
M

The mobility fluctuation caused by each scattering process j is also assumed

independent, with

7=

A Au .
L=y (2.22)
H i M

Applying the Hooge mobility fluctuation formulation to each scattering process j with
the corresponding Hooge parameter denoted as auj, the total normalized drain-current

noise spectra can be expressed as

2 2
S, _Su _v |4 izz M| A%y (2.23)
;o w S\ ) ow Flu ) LY,
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,U2
a, =Y Say . (2.24)
i H

The Hooge mobility-fluctuation dominant 1/f noise is suggested to be primarily due to
the acoustic phonon (lattice) scattering that is always present, while other types of
scattering (Coulombic, surface roughness scattering, etc.) suppress the 1/f noise at low

frequencies [25], and (2.24) becomes

2

M
aH = 2 aH,ph (225)

ph

with oy, pn @ constant ~2x107, and Uph the mobility due to acoustic phonon (lattice)
scattering only. Thus, in the mobility fluctuation noise model, the bias dependence of
oy can either be explained by the bias dependent factor (,u/yph)2 influenced by other
scattering mechanisms such as the surface roughness scattering, or by a non-constant
an, ph assumed.

In MOSFETs, the number-fluctuation mechanism 1is still considered as the
primary explanation for 1/f noise. The Hooge mobility-fluctuation noise model agrees
better with the 1//noise data in pMOS, whereas for 1/fnoise data in nMOS, sometimes
a gate-voltage dependence of Hooge parameter oy must be assumed. A roll-off in the
plot of Sld/ld2 versus /g 1s often observed when the transistor is biased in the
subthreshold region. If Hooge’s model is applicable, it is apparent from (2.18) and
(2.20) that the Hooge parameter ay must decrease with decreasing current in the
subthreshold region. If we assume that the 1/f noise is due to mobility fluctuations
caused by different scattering mechanisms and the phonon scattering is the dominant
source, the decrease in ay at decreasing subthreshold current may be explained by the

stronger influence of the Coulombic scattering as the number of channel carriers
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decreases, which dilutes the 1/f noise contribution from the phonon scattering as seen
from (2.25).

An expression relating the Hooge parameter ay to the phonon-phonon
scattering rate was proposed by Melkonyan et al. as [31]

K
a, = (2.26)

Tph—ph

where K is a constant and 1/zpn-pn 1s the phonon-phonon scattering rate. The mobility-
fluctuated 1/f noise is qualitatively explained to be due to random fluctuations in the
phonon-electron scattering and in the electron distributions introduced by the random
phonon-phonon scattering. The more significant the phonon-phonon scattering is, the
shorter the mean free path of the phonon scattering will be, and in turn, the stronger
the mobility fluctuation will be as seen from (2.26). The mean free path is very
sensitive to lattice imperfections and defects [50]. The dominance of the phonon
scattering in the generation of the mobility-fluctuation noise is experimentally
evidenced by the relationship between the 1/f noise and the lattice quality of the
crystalline. Increased 1/f noise level is observed in the presence of lattice defects
created by ion irradiations, while after annealing the damaged material, the 1/f noise
level is reduced [51]. A good material has a lower ay value and thus corresponds to a
lower 1/f noise, and vice versa. As such, the ay-parameter and 1/f noise can be used to

investigate the structural quality in a semiconductor technology.

2.3.3. Impact of the channel position on mobility fluctuations

The buried-channel field-effect transistors, such as the buried-channel Si
MOSFETs [52]-[54] and the SOI four-gate transistors [55], often show significantly

lower 1/f noise than that for the surface-channel transistors. Lower 1/f noise can be
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obtained when the conduction channel is separated from any oxide interfaces, because
the channel carriers are isolated from the Si/SiO, interface, and thus, the interactions
between channel carriers and oxide traps are suppressed. Therefore, the 1/f noise
generated by number fluctuations is excluded, and the 1/f noise observed in this case is
believed to be caused by Hooge mobility fluctuations.

However, the Hooge parameter ay that is sensitive to the crystalline quality is
reported to be deteriorated close to the Si/SiO, interface. Hence, the higher 1/f noise
observed for transistors with current transporting close to the Si/SiO, interface may
also be explained by increased mobility fluctuations due to deteriorated crystal quality
close to the Si/SiO; interface. Another origin of the variations in ay is thought to be
from the surface roughness scattering that takes over the role of the dominant
mobility-fluctuation noise generation mechanism [37]. According to (2.24), in this

case the following relationship for ay can be expressed

a 4 a other
aH — y2 [ H2,SI + H2, th ] (227)
Il’lsr ll“lother

where ug is the mobility limited by the surface roughness scattering, pomer represents
the mobility limited by scattering mechanisms other than the surface roughness
scattering, and the constants apg and apemer are the Hooge parameters for the
corresponding scattering processes. The carrier conducting distance from the Si/SiO,
interface can be modified by the bias conditions. For example, a large negative bias
applied to the p-type substrate of a bulk nMOS may push the carriers towards the gate
oxide. If the surface roughness scattering is considered to be dominant for the
mobility-fluctuated 1/f noise generation, the gate and substrate bias dependence as

well as the channel position dependence of ay; could be explained.
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2.4. Correlated mobility fluctuations in MOSFETSs

The models described above can be categorized as “pure-number” or “pure-
mobility” fluctuation theory. A universal 1/f noise theory for MOSFETSs by combining
the two effects is reviewed in this section. The study of RTS noise in small-area
MOSFETs has greatly helped in understanding this combined effect [56], [57] and in
developing the so-called correlated mobility fluctuation theory [38], [42], [58].

The mobility scattering relating to charged traps could play a role in generating
low-frequency fluctuations as evidenced from RTS noise studies on small-area devices
[56], [59]. The relative amplitude of RTS fluctuations by considering oxide-trap

scattering on the mobility is given by [57]

AT, 1 N
—L=—lltauqg—- 2.28
I, N( Hq WL) (2.28)

with o being a scattering parameter in Vs/C. The sign in the bracket depends on the
trap nature. For a donor-type trap, it becomes neutral when occupied; therefore the
mobility will increase and the minus-sign will be valid. For an acceptor-type trap, it
becomes charged when occupied; therefore the Coulombic scattering will reduce the
mobility and the plus-sign applies in (2.28). The basic concept of the correlated
mobility fluctuation model is the same as that in (2.28). Besides the interaction of the
oxide traps with the channel through carrier capture and emission, different scattering
effects as the trap occupancy changes have also been taken in account. The change in
the charge state of the scattering centre strongly affects its impact on the mobility and,
in turn, the drain current.

The final expression of the drain-current noise power spectral density by
including the correlated mobility scattering caused by oxide-trapped charges is derived

by Ghibaudo et al. as [42]
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2
apCoyl, j 2

S1, =5, [1 S & (229)

The first term in the parentheses corresponds to the number fluctuations of channel
carriers and the second term corresponds to the mobility fluctuations induced by the
Coulombic scattering effect of the charges trapped in the gate oxide. The scattering
parameter o can be negative or positive depending on whether the mobility increases
or decreases due to the effect of trapped charges. The normalized drain-current noise
spectral density expressed as SId/]d2 is often used in the LFN analysis, since Sld/ld2 1S
inversely proportional to the signal-to-noise ratio. The equation (2.29) yields a
satisfactory fit to the noise data of both n- and p-MOSFETs [60]. The resulting gate-

voltage-referred noise spectral density becomes

S, =8y, [1au,Cor (Vo 71| (2.30)

g

where Sy, = Sm/gm2 and Svg, 1s the flatband-voltage noise spectral density. For a small
a, 1.e., the influence of the oxide traps on the mobility is negligible, (2.30) can be
reduced to the pure number-fluctuation model, as in (2.12).

However, the strength of the correlated mobility fluctuation modeled with the
scattering parameter a is under debate in the literature. Normally, a constant a is used
in the noise models to explain the bias dependence of the experimental noise data, but
it is argued that the screening effect of the channel carriers should be taken into
account. Instead of being a constant, a is expected to decrease with increasing
inversion charge density due to the screening effect [39], [61], [62].

A model for a has been derived in the literature based on the existing mobility

models as follows:
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__ 1 _ou
u 000 (231)
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where u,. 1s the mobility limited by surface acoustic phonon scattering, upn the bulk
phonon mobility, and the mobility influenced by Coulombic scattering is separated
into two parts as 1/uc = l/uc,imp T 1/tic, 0x. Hc,imp 15 the part caused by impurities and
Uc, ox 1s the part caused by charges in the oxide. The bulk phonon mobility upn is
independent of any changes in the inversion charge density Q; and 00i/0Q0ox = — 1 in

strong inversion, which gives

! aﬂ""+ ! a’u”+ ! a'uc’”'”’+ ! a'uC’OX. (2.32)

:uazc an luszr an lué,imp an lué,OX an

The first three terms are often neglected in the derivation of a. The last term will be
positive or negative depending on the trap type and the channel type. A simple model
for uc. ox is given by [63] as uc,ox = 1/ (ac|Qox]|), where ac is a Coulombic scattering
parameter. In common practice, a is just set to be equal to ac as a contant, but it is
argued that in such a case the effect of the correlated mobility scattering is
overestimated at high gate voltage overdrives, because the screening of the Coulombic
interactions between oxide charges and inversion carrier charges becomes more and
more effective as the inversion charge density increases with the gate voltage
overdrive. Hence, by taking into account the decrease of o with increasing inversion
charge density Q;, several expressions of ac have been proposed. One expression is

derived by Vandamme et al. [39] as

1
a=a.= (2.33)
‘ QIUCO\/COX (VgS_VT)/q
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where uco is a fitting parameter in the unit of cm/Vs. Another expression used for ac
[64] is

a=a,=a,—a,In(N) (2.34)

where a and a; are fitting constants.

The McWorther model by adding the correlated mobility fluctuation term can
explain almost all the experimental 1/f noise data for nMOS with gate bias sweeping
from subthreshold to strong inversion. However, this is not the case for 1/f noise data
observed in pMOS. The values of a extracted from the correlated mobility fluctuation
model for explaining the 1/f noise data in pMOS were in the range of 1 ~ 2x10° Vs/C
[16], [65], [66], which are too high to be supported by the laws of physics. If the
screening effect as described above is considered, the correlated mobility fluctuation
model may even fail to explain the observed 1/f noise characteristics in pMOS. In
order to solve the deviation of the model equation from the experimental data in
pMOS, the oxide trap density N; in the McWorther model is assumed to vary with
energy, which means N, varies with the gate bias due to the band bending in the oxide.
Scofield et al. claimed that the trap density is constant near the conduction band edge
for explaining the 1/fnoise data in nMOS, while the trap density increases with energy
close to the valence band edge for explaining the 1/fnoise data in pMOS [67]. Another
more commonly used distribution of the trap density is the U-shaped distribution,
which assumes the trap density increases close to both the valence and conduction

band edges [68]-[70].
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2.5. Chapter 2 conclusion

After more than 40 years of research, there is still no unique model for 1/f
noise in MOSFETs. In the number-fluctuation theory, 1/f noise in MOSFETs is
considered as a surface phenomenon relating directly to the quality of the gate oxide
and the Si/Si0O; interface. A good correlation of 1/f noise with the density of near-
interface oxide traps (IV;) has been evidenced from many experimental observations.
Most of these observations can be explained under the McWhorter model. Opposite to
the number-fluctuation theory is the so-called mobility-fluctuation theory, in which the
mobility fluctuations induced mainly by the lattice vibration is considered as the origin
of the 1/f noise, especially in homogeneous semiconductors. This theory depends on
the material quality and assumes a bulk origin in comparison with a surface origin in
the number-fluctuation theory. A general consensus is growingly reached around the
so-called correlated mobility fluctuation model, which considers trapping/detrapping
of channel carries into/out of the oxide traps as the basic process, and the mobility
fluctuation is induced through the Coulombic scattering of the trapped charges. For the
study of RTS noise, through the LFN behaviors in both small- and large-area devices,
RTS noise is believed to be one of the fundamental component of 1/f noise. Based on
all the above, 1/f noise can be used as a diagnostic tool for the gate oxide and interface

quality and an evaluation tool for a new technology node.
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CHAPTER 3: Test Structure for
Low-Frequency Noise Characterizations in
CMOS Technologies

Low-frequency noise is an important parameter for analog and RF applications.
For example, LFN in MOS devices is up-converted to oscillator phase noise,
degrading the system performance [71]. One of the important IC design challenges is
to minimize the noise contribution to the system, thus the accurate and timely LFN
characterization and model development for semiconductor transistors are needed.
However, performing meaningful LFN measurements for the study of system
performance and for the model verification is always a difficult and complex task.
Because the extremely low level of current fluctuations (down to ~1 pA) has to be
measured, in the presence of a much stronger DC bias current as well as undesired
disturbances from electronic equipments, great care must be taken to keep the
background noise (BN) of the measurement system as low as possible. A lot of effort
has been devoted to developing a measurement system characterized by a sufficient

low level of BN [72]-[76].

3.1. Conventional low-frequency noise measurement setup

Figure 3.1 shows the block diagram of the measurement setup normally used in
the LFN study of CMOS devices with an ideal SR570 low-noise current preamplifier.

The whole noise measurement setup is used in a shielded room. An input-bias network
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is connected to the gate terminal of the MOSFET to adjust the gate-voltage levels. The
drain terminal of the MOSFET is directly connected to the SR570 low-noise current
preamplifier. The weak noise current flowing through the drain terminal is then
amplified. The amplifier also provides a voltage supply, which is used to bias the drain
terminal. The final amplified low-frequency drain current noise is displayed in the
HP35670A dynamic signal analyzer (DSA). The measurements are usually performed
in the frequency domain by measuring the power spectral density with a spectrum
analyzer in the DSA. If the random telegraph signal (RTS) noise is present, the time

domain analysis (sometimes with the help of an oscilloscope) is a valuable tool.

Ideal SR570 Low-Noise
Current Preamplifier

Current Offset

DuT, HP 35670A
Input DC —Dynamic Signal
Bias Supply —I Analyzer
Network G;
@Dnin Bias
N

Figure 3.1: Low-frequency noise measurement setup with an ideal SR570 low-noise current
preamplifier illustrated.

The internal structure of the SR570 current preamplifier shown in Figure 3.1 is
an ideal one. A more practical one by including the relevant resistances is shown in

Figure 3.2 below:
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Real SR570 Low-Noise
Current Preamplifier

Current offset

source has finite Current Offset
source impedance

Gain

Inputresistance
is not zero

Figure 3.2: A more practical internal structure of an SR570 low-noise current preamplifier by
including the relevant resistances.

The small-signal equivalent circuit of the input stage of SR570 current

preamplifier can be drawn as in Figure 3.3.

Real SR570 Low-Noise
Current Preamplifier

Ll

Current q'rffset

Gain

Input Stage iMEAS

Drain Bias

A

Figure 3.3: Small signal equivalent circuit of the input stage of SR570 Current Preamplifier.

Together with the small-signal equivalent circuit of the DUT, it is shown in

Figure 3.4 that the measured drain-current noise iypas 1S only a part of the real
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intrinsic drain-current noise inise. gour indicated in this figure is the output channel
conductance, which is expressed as gour = 0l4/0Vy4s with I the drain current and Vs

the potential difference across the channel of the MOSFET.

/ IMEAs
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3 paths of current flow:
Measured noise current iyc,c is only a part
of the DUT intrinsic noise current /...
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System Noise Floor (A2/Hz)

100 10t 102 108 104
Frequency (Hz)

Figure 3.4: (a) Small signal equivalent circuits of the DUT and the SR570 Current Preamplifier.
(b) System noise floor of the LFN measurement setup using SR570 Current Preamplifier.
From Figure 3.4(a), it is obvious that the mathematical relationship between
the measured drain-current noise iyeas and the DUT intrinsic drain-current noise inoise

can be expressed as inoise = groTaL(iMEASRIN), Where grotar = gout T Qoffset T IN» Qoffiset

= 1/Rotet and giv = 1/RiN. Romset and Ry are known from the settings of the
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preamplifier during measurements. Since the input offset current is not needed in the
present noise measurement, the connection between the drain side and the current
offset source is switched off and the current path going through the impedance Rofset 1S
open-circuited. In this case, grorar = giv + gour. The input resistance Ry is dependent
on the sensitivity chosen during the noise measurement. For example, sensitivity = 100
nA/V used in the measurement corresponds to the input resistance Ry = 10 kQ, as
stated in the manual of SR570 Current Preamplifier. In the LFN measurement of
MOSFETs, the maximum output channel conductance gour is normally two orders of
magnitude smaller than g, Hence, grorar = giv + gour = €N, Which leads to ineise =
imeas. It means that the measured noise current can be treated approximately as the
DUT intrinsic drain-current noise. One can always do a quick calculation of gour
through the DC measurement and g through the manual of the preamplifier to get the
exact and accurate intrinsic channel noise inoise, €specially in the case that the condition
for the approximation of insse = impas 1S not fulfilled in the devices measured.
Moreover, the system noise floor measured with SR570 is around 2x10’ A*/Hz as
shown in Figure 3.4(b), which is normally several orders smaller than the channel
intrinsic drain-current noise and can be ignored. However, in the case that the channel
intrinsic drain-current noise is comparable to the system noise floor, especially in the
subthreshold region and high-frequency regime, this system noise floor should be

subtracted from the measured noise current to get the intrinsic drain-current noise.

To avoid introducing additional noise sources while making LFN
measurements, the power source for biasing the devices is a crucial part of any
measurement system. Two major biasing schemes used as the “Input DC Bias Supply”
in Figure 3.1 are battery and commercial solid-state power supply (e.g., SMU of

Agilent 4142 or 4156 parameter analyzer) followed by a low-pass filter with cutoff
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frequency less than 1 Hz (Figure 3.5) [72], [74]. Battery is one of the solutions for
achieving such highly sensitive noise measurement system. However, the option for
the available voltage level of battery is limited. Resistive voltage divider can be used
to obtain those non-directly available voltages, but the resistors used in the voltage
divider may introduce additional thermal noise and thus its resistance value cannot be
too large [73]. For the commercial solid-state power supply, the filter eliminates the
line noise within the frequency band of interest, i.e., above 1 Hz, from the power
supply bias source in order to provide the cleanest possible bias. However, this may
not ensure that low frequency interferences from the main power line, such as noise
peaks at 50 Hz or 100 Hz, are completely blocked. The resistors and capacitors built
inside the filter may introduce additional noise; therefore, appropriate types of
resistors and good quality capacitors should be used to reduce the induced thermal and
1/fnoise. In some other literature [75], a more sophisticatedly designed very low-noise
programmable voltage source is reported. From the block diagram of this voltage
source, it obviously showed that the realization of such ultralow-noise voltage source

is not an easy task.

Ve
Comggxé?IsL?F:g;State Cutoff Freq < 1 Hz )
‘ (e.g. Agilent SMU) Low-pass Filter p

Input DC Bias Supply

Figure 3.5: Input DC bias-supply network composed of one commercial power supply followed by
one low-pass filter with cutoff frequency <1 Hz [72], [74].

3.2. Proposed floating-gate test structure

The continuous improvement of technological processes makes available

materials and devices characterized by fewer and fewer defects and, consequently, by
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lower levels of excess noise. Moreover, as the devices continue scaling down, the
situation in which a device contains no traps at all could happen. In such a case, the
number-fluctuation related noise is thus eliminated with only the mobility-fluctuation
related noise left, which obviously can lower down the LFN drastically [77]. Thus, the
ratio of the intrinsic device noise to the given BN becomes smaller correspondingly,
which may place challenges on the existing measurement setup in the future.
Therefore, the BN of the measurement system used for the characterization of modern
devices must be as small as possible. For CMOS devices, only a voltage reference is
needed for the gate side, and no current supply is required. The power supply or
battery supplying high current, which would introduce BN, is not necessary for the
gate stage of MOSFETs. Hence in this chapter, a floating-gate (FG) test structure is
proposed as a source of reference voltages for achieving the low-noise measurement
system. The advantage of applying the FG test structure is due to the fact that no gate-
bias networks are needed anymore during the low-frequency drain-current noise
measurement, and thus, totally eliminating any noise contributions from the biasing
circuitry. This concept can be applied to the low-noise circuit design, e.g., oscillator
and mixer designs. It can also be easily extended to the LFN characterization of non-

volatile memory (NVM) devices, because the NVM device itself has a FG structure.

3.2.1. Conceptual plot of the floating-gate test structure

Assuming LFN is to be measured in an nMOS transistor, the FG test structure
can be fabricated as the nMOS transistor to be characterized with its poly-Si gate
connecting to one metal side of the Metal-Insulator-Metal (MIM) capacitor, whereas
the other metal side is working as the external control terminal with the applied

voltage Vp. The poly-Si gate connecting to the metal side is now working as the FG.
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The conceptual schematic of this test structure is shown in Figure 3.6. This test
structure is easy to be fabricated, because there is an MIM capacitor option available
in the standard CMOS process, the designers just need to choose the appropriate
capacitor size. Even if the capacitor option is not available, this MIM capacitor can
still be easily designed and fabricated by making use of the metal layers and the inter-
metal-dielectrics (IMD) in the standard CMOS process. Moreover, this test structure
takes up very small area of the wafer, same as that of a single transistor. For example,
for a pad size of 30 um % 30 um, the total area of the test structure is around 90 pm x
90 um, which is small enough to be put on the scribe line of the wafer without costing

any effective wafer area.

VD Vs Vp
®
Floating ]
Gate
Metal
L | 7 '
[ |
+ + IMD
[N+] [N+] Metal

nMOS

Figure 3.6: Conceptual schematic of the FG test structure by making use of the MIM capacitor.

3.2.2. Operation of the floating-gate test structure

The CHARGE operation is defined as the operation of putting electrons onto
the FG, so that the voltage on the FG, i.e., the gate voltage of the nMOS transistor, will
decrease; whereas the DISCHARGE operation is defined as the operation of removing
electrons from the FG, so that the voltage on the FG will increase. Fowler—Nordheim
(FN) tunneling between the gate and n+ diffusions of the nMOS transistor is used for

CHARGE/DISCHARGE operations. In the CHARGE operation by FN tunneling
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through the nMOS gate [Figure 3.7(a)], the drain and source sides of the nMOS
transistor are grounded. A proper Vp is selected for electrons FN tunneling from n+
diffusions to the FG. In the DISCHARGE operation by FN tunneling through the
nMOS gate [Figure 3.7(b)], Vp is grounded, the drain and source sides of the nMOS
transistor are connected to the same positive voltage Vpp. The electric field for FN

tunneling is now across the nMOS gate oxide for electrons being removed from the

FG back to the n+ diffusions.

Floating\Gate

Metal

Metal

nMOS (a) CHARGE

Vbb I

Floating\Gate

Metal

Metal

nMOS (b) DISCHARGE

Figure 3.7: (a) CHARGE operation by FN tunneling from n" diffusions to the floating gate. (b)
DISCHARGE operation by FN tunneling from the floating gate to n" diffusions.

It is suggested to have an estimate of the applied voltage level Vp (or Vpp in the
DISCHARGE case), because blindly applying a very high voltage level may cause
unwanted stress of the gate oxide and introduce extra noise. For a given Vp, the voltage

Van across the gate oxide of the nMOS transistor can be approximated by [78], [79]

CM[M

C
Viw = %Vp + QCFG ~=Y G.1)
T T T
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where Cr = Cvim + G, 1s the total FG capacitance, Cyiv the capacitance of the MIM
capacitor, C, the gate oxide capacitance of the nMOS transistor, and Qg the charges

on the FG.

There is a voltage level Vey across the gate oxide of the MOSFET required for
FN tunneling to occur. For FN tunneling to occur in the nMOS transistor, V, has to
reach Ve, thus, the voltage V), applied at the external control terminal should be

approximated as

C
Vnn ~ (Aj/HM Vp = VFN (32)
T

which gives

¢y ¢,

(on Xtox)z Vox' (33)

Viy =

CMIM CMIM CMIM

The condition for FN tunneling to happen is that the voltage drop across the gate oxide
of the field-effect transistor, Vo, is higher than 3.2 V, which corresponds to the band
conduction offset between Si and SiO,. Hence, Vex can be chosen to be slightly above
3.2 V. The terminal voltage V'p applied by the user of this test structure should be close
to the value predicted by (3.3). Moreover, for effective FG CHARGE/DISCHARGE,
the most portion of the potential difference Vp should be across the nMOS gate rather
than the MIM capacitor; therefore, from (3.3), Cr/Cviv should be close to 1 and
Cvim >> C,, 1s suggested in the designed test structure. Besides the voltage levels, to
avoid any unwanted stress, the operation time of either CHARGE or DISCHARGE
cycle should be as small as possible, and the operation time around 1 ms per cycle is
suggested [80], [81]. Using medium voltage levels and multi-cycling with very short

operation time per cycle is also easy for the user to control and adjust the device to the

40



CHAPTER 3: Test Structure for LFN Characterizations in CMOS Technologies

desired input-current level for noise measurements without over-charging or over-

discharging.
lSTART
User Input: v .
— e ina? Vus? il Me_afu_re drain current
of noise measurement of initial state: Iy, present

Compare:
Iﬂs,present; Ids,ﬁnal

F

Ids.present < Ids.finnl Ids,nrcsunt > Ids,ﬁnal

F

Ids.prusent = Ids,finol

DISCHARGE CHARGE
User Input: User Input:
Vo? V7 V.7 Vo2 V2 V2
Cycle Time? Cycle Time?
I ds,present I ds.present

F

Low Frequency Noise Measurement
@ Iy fina and V,

New bias peint
New drain current level

Figure 3.8: Program flow for LFN measurements.

A program is written to control the whole CHARGE/DISCHARGE process.
The desired drain voltage V4 and drain-current level /g finas during noise measurements
are first input by the user. Since the amount of electron charges on the nMOS gate (i.e.,
the FG) is different for different devices at the start of the measurement, the drain
current Jgspresent Of the nMOS transistor under the “present state” at the given Vy, is
measured by the HP 4156C parameter analyzer, and is compared with the current level
input by the user. If I present < ldsfinal, DISCHARGE operation is chosen, since
electrons on the FG need to be removed to increase the nMOS gate voltage. The

DISCHARGE operation is cycled until the drain-current level is increased to the
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desired drain-current level Zys final. If Zgs present > Zds final, CHARGE operation is chosen to
inject more electrons onto the FG, which leads to a lower gate voltage of the nMOS
transistor and, again, the CHARGE operation is cycled until the drain-current level
decreases to the desired /ys finai- The voltages (Vp, Vs, Vp) applied to the three terminals
of the test structure for CHARGE/DISCHARGE operations and the operation time of
each CHARGE/DISCHARGE cycle can be input by the user. Finally, all the input-
bias supply at the gate terminal is disconnected temporarily and the LFN measurement
is done at the desired drain-current level. The detailed program flow is shown in
Figure 3.8, and the program is iterated with the proper time interval for LFN

measurements at multiple drain-current levels.

3.2.3. The other possible buildup of the floating-gate test structure

Instead of using the MIM capacitor, another FG test structure could also be
built up by using a transistor of opposite type to the transistor to be characterized. For
example, if the LFN is to be measured in an nMOS transistor, the test structure
consisting of this nMOS transistor, together with a pMOS transistor connected by a
common gate could be fabricated as shown in Figure 3.9. The shared common gate
works as the FG, while the n-well of the pMOS transistor and its p* diffusions are

connected together to work as the external terminal with the applied voltage Vp.

VD Vs VP
Floatingl\
) Gate )
- f -
[N+ [N+ [P+] [P+ [N4]
N-WELL
nMOS

Figure 3.9: Conceptual plot of the FG test structure built up by a pMOS transistor connected to
an nMOS transistor to be characterized by the shared common gate.
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Similar to the case of MIM capacitor, for efficient CHARGE/DISCHARGE
operations as shown in Figure 3.10, the gate oxide capacitance of the pMOS, Cp,
should be much larger than the gate oxide capacitance of the nMOS, C,, i.e., Cp >> C,,.
This can be achieved either by larger gate area of the pMOS than that of the nMOS, or
by thinner gate oxide of the pMOS than that of the nMOS. The former one is preferred,
because thinner gate oxide may cause leakage problems. In the CHARGE operations,
the drain and source sides of the nMOS transistor are grounded. A proper Vp
approximated from (3.3) is selected for sufficient voltage to cause electrons FN
tunneling from n+ diffusions to the FG. In the DISCHARGE operations, Vp is
grounded, the drain and source sides of the nMOS transistor are connected to the same
positive voltage Vpp. The high electric field across the nMOS gate oxide is for

electrons FN tunnelling from the FG back to the n+ diffusions.

Floating Gate
N+ [+ Lp+ | Lese | [ |
n=-well
CHARGE
VDD + J_
Shnwielels i)
Floating Gate
N-v-" N+ |P+I |P+| |N+I
n-well
DISCHARGE

Figure 3.10: With C, >> C,,, CHARGE/ DISCHARGE operation is done by FN tunneling between
n+ diffusions and the floating gate.
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3.2.4. Advantages of the floating-gate test structure

In summary, by using the FG test structure for LFN measurements, the gate
voltage of the nMOS transistor is adjusted by injecting or removing electrons on the
FG. In this setup, the device can be driven into the relevant current levels in advance
before noise measurements, and the charges are maintained on the FG during noise
measurements without the need for any extra input-bias supply for the gate stage in the
experiment setup. The external voltage source in [76] makes use of the similar concept
as that of the on-wafer FG test structure. An input capacitor is first charged by a
biasing voltage, and then the switch that connects the biasing voltage to the capacitor
is opened. Because of the virtual ground between the input pins of the operational
amplifiers (Op-Amp), the gate voltage almost coincides with the voltage maintained
by the input capacitor at the non-inverting input of the Op-Amp. It means that the Op-
Amp is always present during the LFN measurement. As noticed by the author of [76],
the use of Op-Amp may cause a voltage drift, e. g., the TLCO71 input Op-Amp used is
characterized by a typical input bias current below 2 pA and, therefore, a voltage drift
at the output below 1 mV/hour. This is only acceptable for noise measurements lasting
a few minutes at most and for devices with large intrinsic LFN, so that a large
tolerance of the BN is allowed. Although various practices have been carried out for
minimizing the noise introduced from the input supply at the gate stage, with the
proposed FG test structure, such kind of noise is completely excluded. Moreover, in
the implementation of the conventional LFN measurement setup, the ground path from
the drain output to the gate input is extended by the cable lengths as illustrated in
Figure 3.11(a). This ground loop, which acts as an antenna, may pick up parasitic
noise of the environment and make the measured intrinsic device noise unreliable.

Hence, the cable connections should be as short as possible to minimize the antenna

44



CHAPTER 3: Test Structure for LFN Characterizations in CMOS Technologies

effects. By using the proposed FG test structure, the potential ground loop is only
limited to the output pole, because the gate input pole is left floating and not playing
any part in the LFN measurements. The path of the potential ground loop is thus
reduced and the antenna effect is in turn reduced, as illustrated in Figure 3.11(b).
Hence, the FG test structure gives contributions to achieve low level of BN for

accurate LFN measurements.
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Figure 3.11: Illustrations of the potential ground loop in the (a) conventional LFN measurement
schematic; (b) LFN measurement schematic using the FG test structure.
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3.3. Testing the feasibility of the floating-gate test structure

3.3.1. Testing conditions

A set of measurements has been performed for testing the applicability of the
FG test structure in the LFN measurement with program-controlled CHARGE/
DISCHARGE cycles for gate-voltage adjustments. The devices used in this study are
nMOS transistors fabricated by 0.18-pum standard CMOS process with W =4 pm and
L =0.35 um for 1/f noise measurements, and ' =1 pm and L = 0.18 pum for Random
Telegraph Signal (RTS) noise measurements. For the 0.35-um and 0.18-um nMOS
transistors, the FG test structures are built by the nMOS transistors with their poly-Si
gates connecting to the metal sides of the 31.5-fF and 4.5-fF MIM capacitors in the

respective cases.

The LFN in the respective device is first measured by the classical
measurement setup in Figure 3.1 to act as a reference. Then the LFN measurement is
performed by the FG approach. The bias condition for the CHARGE operation by FN
tunneling through the nMOS gate is: Vs = Vp =0 V for the nMOS transistor, and Vp =
4.5 V; while that for the DISCHARGE operation is: Vs = Vp = Vpp = 4.5 V for the
nMOS transistor, and V» = 0 V. The operation time for each CHARGE or
DISCHARGE cycle is set to 0.7 ms. V}, = 4.5 V is chosen according to (3.3), with Cr
/Cyvim = 3.7/2.7, tox = 3.9 nm, and assuming E. = 8.5 MV/cm. The calculated Vy, is

around 3.3 V.
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Figure 3.12: Retention capability of the FG test structure. I; at V3= 0.1 V has only 1% drop from
its initial value after 24 hours.

To ensure that the gate bias does not change due to the charge leakage from the
FG during the LFN measurement, the retention capability of the test structure with the
4-pmx0.35-pm nMOS transistor connected to the 31.5-fF MIM capacitor has been
tested. The nMOS transistor has initially been driven to I3 = 4.6 pA at V4= 0.1 V with
the CHARGE/DISCHARGE method, then the gate is left floating. For LFN
measurements by the 35670A DSA, the lowest measurable frequency is 195.3125
mHz, which takes the maximum measurement time of 8.19 ks, which is around 2.3
hours. It is shown in Figure 3.12 that the drain-current level has only one-percent drop
after 24 hours, which is trivial. Hence even for LFN measurements at lowest
measurable frequency and maximum measurement time, the retention capability of the

bias capacitor is good enough to keep the gate bias constant.
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3.3.2. Testing results
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Figure 3.13: (a) Drain-current noise power spectral density in the nMOS transistor with W= 4
pm and L = 0.35 pm. Gate voltage is CHARGE/DISCHARGE from 0.6 V to 1.0 Vin a 0.1 V step
and V4 =1 V. (b) Comparison of S;q spectrums measured at Vo, =1V and V4= 0.1 and 1V by the
FG test structure and conventional LFN measurement setup respectively. The inset shows the
zoom-in plot of Sy vs. f from 4x10* to 10° Hz. The thermal noise floor is observed only beyond 50
kHz for the device measured by the FG test structure.

For the 0.35-um nMOS transistor, the drain-current noise power spectral
densities Sig at Vgs = 1 V and with gate voltage Vg being CHARGE/DISCHARGE
from 0.6 V to 1.0 V in a 0.1 V step are reported in Figure 3.13(a). A typical 1/f7

behavior with y close to 1 is observed. As stated in [82], [83], a capacitor of
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capacitance C under open-circuit conditions has a thermal voltage fluctuation vy,
whose mean square value at a temperature T is <v,”> = kT/C. Thus, the open-circuited
FG in this test structure during noise measurements may have this thermal fluctuations
present, named as interface-induced thermal noise (II'TN), with C = (1/Cym + 1/ Cy) .
The additional drain-current noise Sig aga introduced due to this FG IITN has a
Lorentzian spectrum with a cutoff frequency f, = 1/(2nRC), because such a spectrum is
the thermal noise of C having some resistance R in parallel. Let us do an approximate
calculation of the IITN at low Vy. The power spectral density in the flat part of the
IITN Lorentzian spectrum (f << f;) is Syn = (kKT/C)/[(n/2)f,] [82], thus Sid aqd = gm2 X Svn
= (ga)(KT/IC)/[(n/2)fs]. For C ~ 8.8 fF, R on the order of 10° Q, and the
transconductance g, on the order of 10° A/V of the studied device at room
temperature, Sig add 1S on the order of 102* A*Hz and fo = 100 kHz. Si4 spectrums
measured at both low Vg (Vgs = 0.1 V) and high V4 (V4s = 1 V) by the FG test
structure and conventional setup with the external bias are compared in Figure 3.13(b).
The noise curves measured by two different methods are almost overlapped in the
entire frequency range, except that the Siq curves of the device biased with the external
voltage source have spikes at 50 and 100 Hz, which are interferences from the main
power line. From the zoom-in plot of Figure 3.13(b) from /= 40 ~ 100 kHz as shown
in the inset, at frequencies beyond 50 kHz, there is a thermal noise floor of the device
measured by the FG test structure. As seen from the noise curve at V4 = 0.1 V, the
magnitude of the thermal noise and the frequency range where it becomes observable
is consistent with the above calculation. This is the first experimental
demonstration in the MOS technology of the predictions in [82]. It can be seen that
the effect of IITN on the LFN characterization is negligible, because the frequency

range where it becomes observable is beyond the low frequency regime of interests.
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This is why quite a pure 1/f noise spectrum of drain current covering more than four
decades of frequency can be clearly obtained for the 4-pm x 0.35-um large-area
transistor, and as the device area reduces, a clear RTS noise signal without being

covered up by the thermal noise will be observed, which will be shown below.

For the 0.18-pum nMOS transistor, the RTS noise signals are observed and
collected at different drain-current levels at Vg4, = 0.1 V, four of which are reported in
Figure 3.14(a). Figure 3.14(b) shows a frequency histogram of the capture time z. and
emission time 7. from a particular data set at Vs = 0.58 V and V4= 0.1 V. The data fit
very well to an exponential distribution ~ exp(—z¢/<t.¢>), where <t> and <z.> are the
average capture and emission times, respectively, which indicates that the switching
times correspond to a Poisson random process [13]. Hence, <t.> and <z.> can be
extracted by fitting the measurement data to this exponential distribution at different
bias points. <z.>, <z.>, and their ratios at the corresponding gate voltages are shown in

Figure 3.14(c).

The measured 1/f and RTS noise in the respective devices with the gate bias
adjusted by the FG CHARGE/DISCHARGE operations are the same as those initially
measured by the conventional setup and used as the reference data for comparison,
which proves the feasibility of this FG test structure. And this test structure provides a

way of terminal biasing from a different angle.
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Figure 3.14: (a) RTS noise signals at four different drain-current levels of the nMOS transistor
with W =1 pm and L = 0.18 pm at V4, = 0.1 V. (b) Frequency histogram of the switching times 7.
and 7. corresponding to V,, = 0.58 V and V4, = 0.1 V. The lines are best fits with ~exp(—7, /<7 ¢>).
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Figure 3.14 (cont.): (¢c) Average capture time <z.>, average emission time <z.>, and the mark-
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3.4. Chapter 3 conclusion

In this chapter, a FG test structure for LFN measurements in CMOS devices
has been presented. The guidelines for implementing the proposed test structure with a
detailed program flow have been provided. The structure applicability has been tested
through measurements of the nMOS transistors fabricated by 0.18-um CMOS process

and it shows that the proposed test structure works well for LFN such as 1/fand RTS

noise measurements.

The noise measurement using the proposed FG test structure has rendered the
need for elaborately designed input bias supply for the gate stage of MOSFETs
unnecessary, and it demonstrates an alternative thinking for biasing the devices
compared to the use of various conventional designs for the input-bias stage. No input-
bias stage is needed during noise measurements and, thus, any noise introduced from
the input-bias stage is totally excluded. At the same time, the whole noise

measurement process for multiple biases is also programmable.
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CHAPTER 4: Low-Frequency Noise in
N-Channel FinFETs from Weak to Strong
Inversion

Due to its better gate control, the double-gate (DG) FinFET is considered an
important candidate for future CMOS scaling beyond the 32-nm node, with
advantages of the improved drive current and better control of short-channel effects
[84]-[86]. FInFET devices have been reported demonstrating the feasibility as well as
the great interest for analog applications in both static and dynamic regimes up to the
radio frequency [87]-[89]. However, low-frequency noise (LFN), which is an
important parameter for analog and RF applications, becomes more pronounced with
technology downscaling. In analog applications, LFN minimization is a key issue and
often defines the sensitivity or detection limit, while in the microwave community,
LFN may be up-converted to the phase noise in oscillators and mixers, degrading the
system performance [90], [71]. In addition, LFN measurement offers a useful
characterization method for the dielectric quality estimation and lifetime prediction

due to its nondestructive and highly sensitive properties [91].

Since the current in transistors is proportional to the product of the mobility u
and the number of channel carriers N, low-frequency fluctuations occurred in the
carrier transport are caused by stochastic changes in either of these two parameters.
Originally, it was thought that 1/f noise in transistors is a surface phenomenon
associated with the capture and emission of channel carriers by localized traps at or

near the Si/SiO; interface, which falls under the number-fluctuation (AN) theory. A 1/f
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noise spectrum has been shown resulting from the superposition of thermally-activated
processes with a distribution of activation energies [20], or from tunneling processes
with a distribution of tunneling distances [33]. Opposite to the AN model is the so-
called Au picture, which considers the mobility fluctuation as the origin of the 1/fnoise,
and for homogeneous semiconductors, it assumes a volume and not a surface origin
[18], [23]. The 1/f noise is believed to be strongly influenced by the lattice scattering

due to different lattice qualities of different materials.

In this chapter, the LFN of n-channel FinFETs is characterized from weak to
strong inversion at low drain bias. The bias dependence of LFN is presented, and the
noise sources are discussed in two regions of operation, respectively. The gate-voltage
dependence of the 1/f noise in weak inversion is consistent with the mobility-
fluctuation model, whereas in strong inversion it is consistent with the number-
fluctuation model. However, the slope of the frequency dependence of the noise
magnitude (y in 1/f?) in strong inversion is far less than 1. Therefore, the temperature
dependence of 1/f” in strong inversion is examined to further confirm the origin of
LFN. The thermally-activated process is found convincingly to be responsible for the
number-fluctuation-induced LFN in the strong-inversion linear region. The salient
point of this chapter is a demonstration of the possible transition from carrier-number
fluctuations to Hooge mobility fluctuations as the conducting channel is moved from

the surface towards the whole silicon volume of the FinFETs.

4.1. Device and dc measurement

The n-channel FinFET was fabricated on an 8" silicon-on-insulator (SOI)

substrate composed of a 120-nm thick (100) Si film with a boron doping of 10" cm™
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on top of a 150-nm buried oxide. As a hard mask for the definition of a Si fin, 60 nm
of SiO, was deposited. After patterning using the 248-nm lithography and plasma
etching, a fin of ~40 nm in width was obtained (i.e. fin width ¢z = 40 nm). The hard
mask was retained for the protection of the fin in the subsequent gate-etch process. A
2-nm sacrificial oxide was then grown on the fin sidewalls to repair the damage caused
by the plasma etching. Following its removal, a 4-nm SiO, was used as the gate
dielectric before depositing a 130-nm amorphous silicon (a-Si) as the gate electrode.
After gate pattering and etching, the source/drain and a-Si gate were implanted using
arsenic with a dose of 4x10'° cm™ and energy of 30 keV for n-FETs. It was followed
by the standard metal contact formation and sintering processes. Figure 4.1(a) shows a

schematic of the DG FinFET device with important dimensions indicated.

Prior to noise analyses, the FInNFET dc characteristics were measured using an
HP4156C Semiconductor Parameter Analyzer. The Ij— Vg characteristics of n-
FinFETs with Lyasc = 0.5 um, Hgn = 0.12 pm at V4= 50 mV is shown in Figure 4.1(b).
The electrical parameters (threshold voltage Vr, low-field mobility o, mobility-
degradation parameter #, channel-length reduction AL, sum of access resistances Rjcc,
and subthreshold slope S) important for the noise-parameter extraction can be obtained
using a set of transfer characteristics (/g — Vgs) at low drain voltage Vg = 50 mV on

devices with various gate geometries [92].
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Figure 4.1: (a) Schematic of a FInFET device, showing important dimensions: fin width (¢;), fin
height (Hy,), and gate length (L). (b) I - V,, characteristics of the n-FinFET with Hy, = 0.12 pm
and L =0.35 pm at V4, =50 mV.

A first-order approximation of the drain-current expression for the electrical-
parameter extraction of a DG n-FinFET can be borrowed from the drain-current
expression of a bulk nMOS with W = 2Hpg,. By taking into account the effective
channel length, the effect of the series resistances Rs and Rp at the source and drain
contacts and the variation of the mobility with the gate voltage overdrive (Ve — Vr).

The drain current can be expressed as
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w 1
1, =uC,, T[(ng —VT)VdS’eff _Edes,eff:l 4.1)
with
-t 4.2)
# 1+0(V, - 7;)
L = Lmask - AL (4‘3)
Viser =Vas =1a(Rs + R)). (4.4)

The term Vds’eff2/2 can be ignored for Vg — V1 >> Vs err/2 and the voltage drop IuRs
with respect to (Ve — V1) has been ignored, because the study for the electrical-

parameter extraction has been done above threshold. Then (4.1) can be rearranged as

w (Vg: - VT)Vds

. =uC. B — 4.5)
¢ = HoFor 1+0" (Vo =77 )
where
. w
0" =0+ u,C,y T(RS+RD)' (4.6)
From (4.5), the device transconductance g, = 014/0V s can be obtained as
w V
g = 1yCoyx f R = 7 - 4.7)
[1 +0° (v, -, )]
From (4.5) and (4.7), it is obtained that
I w
,—gdm =4[ #4:Cox TVds (Vgs ~Vr ) (4.8)

Hence, the threshold voltage V't can be extracted from the plot of 7,/./g, versus Vi

as shown in Figure 4.2(a). The slope of the straight line gives uoCoxW/L for each gate
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length L. For a constant W value, the plot of 1/(uoCoxW/L) = (Liask — AL)/(1toCox W)

versus Lk gives o and AL as shown in Figure 4.2(b). Following (4.7), 1/ /g, can

be expressed as

1 1W LY (Ve —WVT) . (4.9)
En \/ 1,Cox f Vs \/ 1yCoy f Vas

The plot of 1/,[g, versus Vg leads to the determinations of \/V, x,C, W /L and 6

for each gate length Ly, Then from (4.6), for a constant value of I, the plot of 0

versus uoCoxW/L gives 6 and R,.c = Rs + Rp, as shown in Figure 4.2(c).

The reciprocal of the slope of the logio(Z4) versus Vs characteristics below the

threshold voltage is defined as the subthreshold slope S:

dv. dVv
S = & = 2.3[ £ }(V/decade). (4.10)
d(log,,1,) d(Inl,)

Hence, the subthreshold slope S is extracted to be around 60 mV/dec from the log plot
(left y-axis) of Iy versus Vg below Vr in Figure 4.1(b). The extracted electrical

parameters (Vr, uo, 0, AL, Ry, and S) are listed in Table 1.
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Figure 4.2: (a) Variation of I,/(g,,)'"” with V,, leading to V1 = 0.13 V and (CoxW/L = 1.67x10™*
A/VA
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Figure 4.2 (cont.): (b) Evolution of 1/(uyCoxW/L) as a function of L, giving uy =281 cm?*/Vs and
AL = 0.15 pm. (c) Plot of 8" versus (uyCoxW/L) giving = 0.016 V' and R, = 382 Q.

Table 1: Conduction parameters extracted at V3, =50 mV for device dimensions: Hg, = 0.12 pm, L
=0.35 pm.

Vi o AL 0 Ruce S
(V) | (cm’/Vs) (um) vh Q) (mV/dec)

0.13 281 0.15 0.016 382 60
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Figure 4.3 plots the simulated one-dimensional electron density as a function
of the position across the silicon fin along the middle of channel length and fin height
for the symmetric DG FinFET at three different gate voltages to clarify the operation.
For the case of Vs = 0.05 (n;) and 0.1 V (ny), the device operates in the weak inversion
subthreshold region. The electron concentration distributes almost uniformly across
the silicon fin between two Si/SiO, interfaces, and starts to increase at these two
interfaces when Vg approaching the threshold voltage (). For the case of Ve =0.9 V
(n3), the device operates in the strong-inversion linear region. The electron

concentration increases, with its peak being located close to the two Si/SiO; interfaces.

In this work, ten samples of the same size were tested, and the bias dependence
of the magnitude of the noise spectra is basically the same among all the devices
studied. In strong inversion, in order to prove the applicability of the Dutta—Horn
model [17], the representative results for two nominal devices, “Device 1” and

“Device 27, are both shown in this chapter.
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e
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Figure 4.3: Simulated electron density as a function of the position across the silicon fin from one
gate to the other gate (cutline is along the middle of channel length and fin height) for a
symmetric DG FinFET at three different gate voltages. Weak inversion (7;): V, = 0.05 V, Weak
inversion (around threshold, n,): V4 = 0.1 V, Strong inversion (n3): Vg = 0.9 V.
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4.2. Low-frequency noise in the weak-inversion subthreshold region

4.2.1. Measurement results and discussion

Figure 4.4 shows the typical normalized drain-current noise spectral density
Si/ls* at /=10 Hz as a function of the drain current ; when sweeping the gate voltage
Ves from weak to strong inversion while keeping Vg constant at 50 mV for n-type
FinFETs. In the weak-inversion subthreshold region, the variations of the normalized
drain-current noise Sld/ld2 vs. Iy exhibit a slope close to —1, a large slope deviation
between Sld/]d2 and (gm/ld)2 (gm 18 the transconductance, 014/0Vs) 1s observed. If the 1/f
noise is due to the carrier-number fluctuations, a quadratic variations of Sy vs. I4
should have been observed, and the proportional correlation between SM/]d2 and
(gw/I)* should be obtained [42]. The —1 slope of the log(Sia/Zs%) vs. log(ly) plot shows
that the mobility-fluctuation model is involved in the weak-inversion subthreshold

region.
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Figure 4.4: Measured normalized drain-current noise spectral density Si¢/Zs> (symbol) and
(constant x (g,/I4)?) (thick solid line) at =10 Hz and Vg = 50 mV vs. drain current from weak to
strong inversion for the investigated FinFETs. The thin solid line fitting the noise data in weak
inversion is based on (4.18).
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The frequency dependence of the drain-current noise spectral density Sig at Vys
=50 mV with Vs sweeping from 40 to 100 mV in a 12-mV step in the weak-inversion
subthreshold region is shown in Figure 4.5(a), which is the noise data source
corresponding to the plot of SId/Id2 vs. 14 at f= 10 Hz in this region in Figure 4.4. The
unitary frequency exponent y =~ 1 of the 1//” noise is always observed in this region.
S1/l4 vs. Vs for n-type devices in the subthreshold region is shown in Figure 4.5(b). A
linear increase at low Vys values is observed and a plateau is reached for high Vs

values (Si/lq = 1.3 x 107" A/Hz).
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Figure 4.5: (a) Frequency dependence of the drain-current noise spectral density at various gate
voltages in the weak-inversion subthreshold region. The unitary frequency exponent is always
observed in this region. (b) Variations of Sj¢/Z4 vs. drain voltage Vy at f=10 Hz in the weak-
inversion subthreshold region. Symbol: measurement data. Solid line: fitting by (4.18). Good
agreement between experimental and computed data showing the validity of (4.18).
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In the subthreshold region, the current-conduction behavior in the FinFET is
very different from that in the bulk transistor. In the subthreshold region of a lightly-
doped symmetric DG FinFET, both the total inversion charge and drain current are
proportional to the fin width for a given bias condition, and volume inversion takes
place [93], [94]. This is illustrated by the case of n; in Figure 4.3, where it is
essentially flat within the silicon film. The channel carriers flow through the whole
silicon body and, thus, can be considered as the ‘bulk-conduction’ as compared with
the ‘surface-conduction’ in bulk-CMOS transistors. The interaction between the oxide
traps and the conduction channel is thus suppressed due to the large separation of most
carriers from the interface and the oxide traps. Hence, the generation of the exact 1/f
noise in a single device through the carrier trapping and detrapping process near the
Si/SiO; interface and its correlated Coulombic mobility scattering becomes less
probable. However, the typical 1/f noise was observed in most of the investigated
FinFETs in the subthreshold region. This may be due to the fact that for the volume-
inverted lightly-doped FinFETs in this regime, the Fermi level is not crossing the
bandgap at the depletion layer as in the case of bulk MOSFETs. The traps are about
half full and half empty and inactive in the trapping/detrapping process. Thus, the
number-fluctuated noise is completely eliminated due to this no-active-trap situation
and the pure mobility-fluctuated 1/f noise is observed. But still in some devices, a
single-trap random telegraph signal (RTS) noise on top of the 1/f noise is observed.
Since the silicon channel is not completely isolated from the Si/SiO, interface, there
may be one trap with an appropriate energy level and thus becoming active in the
trapping/detrapping process. The residual signal after subtracting this RTS noise still
exhibits a 1/f spectrum. The bias dependence of the 1/f noise in both cases is the same

as that in Figure 4.4 and Figure 4.5. This is evident from experiments of the RTS noise
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in small-area devices [77]: when the number-fluctuated noise is completely eliminated,
the mobility-fluctuated noise still remains. Hence, in the weak-inversion subthreshold
region, the 1/f noise is observed to follow the mobility-fluctuation behavior. The
observation of a single-trap RTS noise on top of the mobility-fluctuated 1/f noise in
some devices and the pure mobility-fluctuated 1/f noise in most of other devices
actually suggests a transition from the carrier number to the mobility fluctuation as the
predominant noise generation mechanism when the conduction region is moved from

the surface to the volume of the FinFET.

4.2.2. Model for the channel 1/f noise

The empirical relation of the mobility-fluctuation model [18], [23], [95] is

given by

S (f)

- 4.11

Gy
N
with oy the Hooge parameter and N the total number of carriers under the gate.

The subthreshold current of the lightly-doped symmetric DG FinFET can be

expressed as [93]

W q(VgS—AfD) 7(1[/#
I, = u—=kTnt.e *° l—e * (4.12)
d L ivsi

where u is the effective mobility, W = 2Hp, the total channel width, L the effective
channel length, »; the intrinsic carrier concentration, f; the silicon fin width, and A®
the work function difference between the gate electrode and the almost-intrinsic

silicon body.
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As described in [93], the electric potential y across the silicon body is obtained
by integrating the Poisson’s equation twice, and f is a constant used in the solution of
w and to be determined from the boundary conditions in different operation regions.
From both the surface-potential expression y; and Gauss’s law applied at the Si/Si0,

interface, a f-dependent expression f(f) is defined as [93]

L (B)=5 V=V, =7 () (4.13)

v, =Aq>+2k—T1n(3 /25-;'ij (4.14)
q tsi q ni

where V(x) is the electron quasi-Fermi potential at x along the channel and f is a

parameter used in the solution of y across the silicon body. In the subthreshold region,

L <<1, fi(f) ~ In (B) [93], together with (4.13), S can be derived as

Ay —v,-v(x
= g (4.15)

Qi(x), the carrier charge density per unit area in the channel at x, is derived in [93] as

0,(x)=822 5 pran p. (4.16)
i 4

S

Since f << 1 in the subthreshold region, we have tanf = 5, and substituting (4.14) and

(4.15) into (4.16), we have

D apre
0,(x)~ sf—k_T B = qnt o) 4.17)

Si

Following the approach described in [49] and with the help of (4.12) and (4.17),

the final expression of Si¢//s* in the subthreshold region is given by
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—qVas

Sul/) _ay _ oy 2ukT1-e ™ 1 (4.18)
T AN O

4.2.3. Model verification and Hooge parameter extraction

Based on (4.18), ay is extracted to be ay = 8.6x107* for a good fitting to the
noise data in the subthreshold region, as shown in Figure 4.4. The computed Si/74
using the extracted ay and (4.18) is plotted in Figure 4.5(b). A good agreement
between the measured and calculated noise data is observed. The extracted oy is
within but close to the high end of the data range reported for bulk-CMOS devices
with the SiO./poly-Si gate stack [96]. The fact that the ay value critically depends on
the crystalline quality has led to the following refinement: ay = ocH,ph(,u/,uph)2 [25], with
anph a constant around 2x1077, tpn the mobility limited by the phonon (lattice)
scattering only. This expression follows the concept that the phonon (lattice) scattering
is the dominant noise generation process for the mobility-fluctuated 1/f noise, while
other types of scattering mechamisms, such as the impurity and surface roughness
scattering, will lower the mobility x and thus suppress the 1/f noise through this
relationship. For the FinFET with an almost-undoped body, the impurity scattering is
insignificant, and in the subthreshold region the body is volume-inverted with carriers
conducting through the whole silicon fin, the surface roughness scattering is also
insignificant. Hence, the phonon (lattice) scattering that always exists in the device is
the dominant scattering mechanism. This explains why the extracted ay of FinFETs is
at the high end of the ay-range reported for bulk-CMOS devices. The bulk-CMOS
devices having a higher channel doping concentration and with the surface-conduction
behavior may lead to the higher impurity and surface roughnesses scattering and, thus,

lower the values of ay.
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4.3. Low-frequency noise in the strong-inversion region

4.3.1. Measurement results and discussion

The normalized drain-current noise Sld/]d2 at /= 10 Hz against the drain current
I3 in the strong-inversion region at Vg = 50 mV is also shown in Figure 4.4. The
measured Siq keeps almost constant as Vg sweeping in the strong-inversion region, and
the observed Sig/li> is largely proportional to (gn/lg)>. The proportional correlation
between Sld/ld2 and (gm/ld)2 shown in Figure 4.4 indicates that the 1/f noise in the
strong-inversion region is attributed to the carrier number-fluctuation model [40], [42],
and the carrier trapping/detrapping process near the Si/SiO, interface is the origin of
the 1// noise. For the symmetric DG FinFETs in strong inversion, as the carrier
charges near the Si/SiO; interface increase, the gate field is screened from the center of
the silicon fin. The potentials at the Si/Si0O, interface and in the middle of the silicon
fin become decoupled; there is no volume inversion anymore. For the case of n; in
Figure 4.3, the device operates in the transition regime from weak to strong inversion.
The curve of n; is still quite flat, but the electron densities at two interfaces are starting
to rise. Entering into strong inversion, intense electrons are accumulated at two
Si/Si0; interfaces, as illustrated in the case of n3 in Figure 4.3. The drain-current
fluctuation is dominated by the intensive interations of electrons between the near-
interface oxide traps and the channel. Thus, in the above-threshold region, the bias and
geometry dependence of the drain current is exactly the same as that described in the
bulk-CMOS charge-sheet model, except that the drive current doubles due to two
conduction channels in the DG FinFET [93], [94]. This means that the carriers conduct
close to the Si/SiO; interface instead of spreading over the entire silicon fin and, thus,

the number-fluctuation mechanism is dominant in the strong-inversion region.
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For the carrier-number fluctuation model including the correlated mobility

fluctuation, the gate-voltage-referred noise spectral density is given by [42]

Sy, = Z—Ig (4.19)
Sy =S| 1+ an,C,, (V, ¥, )]2 (4.20)

IS =[S [ 1+ an,C,. (V= 7;) | (4.21)

where a is the Coulombic scattering coefficient, x, the low-field mobility, Cox the gate
oxide capacitance per unit area, Svp the flatband-voltage noise spectral density
associated with the near-interface charge fluctuations. The calculation of Sys, depends

on the tunneling mechanism selected in explaining the number-fluctuated 1/f” noise.

Figure 4.6 shows the plot of (Svg)l/2 measured at /= 10 Hz vs. the gate voltage
overdrive (Vg — V1), which is the same noise data source as the plot of SId/Id2 vs. [yat f
= 10 Hz in the strong-inversion region in Figure 4.4. The fitting curve calculated by
(4.21) is also shown in Figure 4.6. The rather flat slope of the curve indicates that the
correlated mobility fluctuation is insignificant. From the calculated fitting curve by
(4.21), it is found that the term corresponding to the correlated mobility fluctuation in
the square bracket of (4.20) and (4.21) is no more than seven percent of the term
corresponding to the carrier-number fluctuation; therefore, the correlated mobility

fluctuation is negligible in the studied FinFETs.
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Figure 4.6: Symbols are measured <Svg>”2 vs. (Vg — V1) at V=50 mV and f'=10 Hz. The solid
line is the fitting curve by (4.21).

The following analyses of the 1//” noise data are mainly based on “Device 17,
but to provide an idea about the reproducibility and sensitivity of the noise results in

“Device 17, the noise data in “Device 2” that is processed in a nominally identical

fashion from the same wafer are also shown in Figure 4.7 to Figure 4.9.
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Figure 4.7: The measured drain-voltage noise spectral density at f= 10 Hz vs. temperature T for
two FinFETs biased at Vg, =50 mV and V,, — Vy is kept constant at 0.5 V at each temperature.
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Figure 4.9: The surface trap density computed from the temperature dependence of the drain-

voltage noise spectral density by (4.38), as a function of 7 and E’, where the energy scale E is
inferred from (4.32) at f= 10 Hz. Results from both devices are shown.
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Figure 4.10: Drain-voltage noise spectral density Svq4 vs. frequency at three sample temperatures
in “Device 1” labeled as (a) T=278 K, y =1.26, (b) T=298 K, y = 0.89, and (¢) T=333 K, y = 1.03.
A large variations in the frequency dependence is observed as a function of the temperature
between 223 K and 383 K, from which y at each T is extracted and plotted in Figure 4.8.
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Figure 4.11: Threshold voltage as a function of the temperature 7 for n-channel FinFETs to
ensure that V, — V' is constant during all noise vs. temperature measurements. Symbol:
measurement data, Solid line: linear fitting.

Different frequency dependence from that in the weak-inversion subthreshold
region is observed in the strong-inversion region. The frequency exponent y < 1 is
observed in the room-temperature noise data (y = 0.89 in “Device 17, curve (b) in
Figure 4.10). To determine whether the y deviation from unity is due to the
nonuniform spatial distribution of the oxide traps in the tunneling model, or the
nonuniform distribution of the activation energies in the thermally-activated oxide-trap
model, the drain-voltage noise spectral densities were measured at an interval of 5 K
between 223 K and 383 K with the drain biased at V4 = 50 mV. Figure 4.11 shows
the threshold voltage of n-channel FinFETs as a function of the temperature 7. As
expected, V't decreases with the increasing temperature by ~0.65 mV/K [97]. Vg were
adjusted as a function of the temperature to ensure that Vg, — V1 remained constant at
0.5 V for noise measurements at different temperatures to facilitate the comparison of

the noise data. Figure 4.10 shows the typical noise vs. frequency curves at three
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different temperatures in “Device 1”. Each curve shows a “generic” 1/ noise with y
being close to, but not exactly equal to one. For example, at 278 K, Syq (10 Hz) =
7.07x107"? V¥/Hz and y = 1.26, while Syq (10 Hz) = 5.61x10""2 V¥/Hz and y = 1.03 at
333 K, illustrating the large range of variations in the noise magnitude and frequency

dependence observed at different temperatures.

In Figure 4.7, the drain-voltage noise spectral density at f = 10 Hz is plotted as
a function of the temperature 7 for both devices. The noise levels are quite comparable
over the entire temperature range for different devices, especially near the room
temperature. The frequency dependence y of the noise measurements in Figure 4.7 as a
function of 7 is correspondingly shown in Figure 4.8. Interestingly, the peak and dip in
the y curve in Figure 4.8 occur at the temperatures where the changes in the Syq4 curve
in Figure 4.7 have the local maximal positive and negative slopes, respectively. This
qualitative correlation is observed in all the measured devices. Take “Device 17 as an
example, the peak in y at 273 K in Figure 4.8(a) corresponds to the local maximal
positive differential change of Syg with respect to 7 in “Device 1” in Figure 4.7, while
the dip in y at 303 K corresponds to the local maximal negative differential change of
Sva with respect to 7. These are the qualitative correlations one would expect to see if
the 1/f7 noise was caused by a thermally-activated process described by the Dutta—
Horn model [17], [19], [98]. Hence, the thermal-activation model is first developed
and verified in sections 4.3.2 and 4.3.3. In Section 4.3.4, the applicability of the
McWhorter model in explaining the noise data in Figure 4.7 and Figure 4.8 is

discussed.
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4.3.2. Thermal-activation model for the channel 1/f noise

The thermal-activation model, in which the carriers are assumed to be captured
or emitted by traps located at energy levels different from the carrier quasi-Fermi level,
may be used to explain the 1/f7 noise. For the traps located at energy levels much
higher than the carrier quasi-Fermi level, most of the traps are empty and available for
the trapping and detrapping of channel carriers. The noise spectral density of the

occupancy of oxide-traps within an elemental channel length Ax is given by [17], [19]

© o1, (2Hp, T,
Sy, (X,f)=_[0 .[0 '[0 : 4NI(E)Axmdydsz (4.22)

where N(E) (cm eV ") is the trap density per unit volume per unit energy, E the trap
activation energy, and 7y, the thermal activation time constant, which is dependent on

the distribution of activation energies as
t, =7,exp(E/kT) (4.23)

where 17, is a characteristic attempt time for the random process and 7, = 1.8x10 s is
used [99]. Assuming N(E) is uniformly distributed in the gate area, (4.22) can be

easily integrated out in the direction of channel width (y direction) as

Lz dzdE. (4.24)

2

Sun (xS ) = 48521 ) [ ], N () 2

Since the surface trap density per unit energy N/(E) (cm eV ') is related to the

volume trap density per unit energy Ny(E) (cm eV ') as

N (E)=["N,(E). (4.25)

(4.24) can be further written as
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S (x.S)=40x(2H ) [N ()t dE. (4.26)
th

From the detailed derivation presented in [38] and neglecting the term corresponding

to the correlated mobility fluctuation as explained in Figure 4.6, it is known that

Sya (%, 1) =£ ( AX)N*] S, (%,.f) 4.27)

d
2Hﬁn ) (

where Saiq 1s the local drain-current noise spectral density within the elemental channel

length Ax, N” is the number of channel carriers per unit gate area.

For the number-fluctuated 1// noise, the total drain-current noise spectral

density in the strong-inversion region at low drain biases is derived as [10], [38]

1

=5 [} S (5. v (4.28)

S ()

Substitute (4.27) into (4.28), we have

1 ¢ I’
Su =— —szAN , ) Axdx. (4.29)
(f) L '[O (Zl—lﬁnA N*) t (x f) '

Then, substitute (4.26) into (4.29), we have

41> o1 =N,(E)z,
s,d(f)=2H; =l 7 dx|, ot (4.30)

At very low drain biases, the carrier density can be assumed to be uniform along the
channel and is given by qN* = Cox (Ves — V1), where Co 1s the gate oxide capacitance

per unit gate area. Then, (4.30) becomes

i)

_ 431
2H LCH (v —y. )70 1+t (*30
fin ox( gs_ T) th

Su(f)
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The Lorentzian in (4.31) is a sharply-peaked function of the activation energy E with

the peak E~ given by [17], [19]
E =—kTIn(7,0). (4.32)

Hence, (4.31) can be approximated as

Su(f) 4,4° =N, (E7)] e g, (4.33)
0

) 2H,LC2(V, ~V,) 1+ 0’z

th

By making use of (4.23), the integral variable can be changed from E to ty, since dE =

(kT/t)dTn, and (4.33) becomes

aI:q - = 1
S (/)= sl =N, (E')kT |, s, (4.34)
2H, LC. (V. ~V;) +o'T,

L¢’kIN, (E")
~ > .
2H , LC.(V, =V, ) 7

(4.35)

Hence, for very low drain biases, the total drain-voltage noise spectral density across

the conduction channel is obtained as

)= S.(f)  Vad’KIN, (£)

SVd(f -2 = N 2 (4.36)
our  2H,LC(V,-V,) [

where gour is the output channel conductance. From (4.36), N/(E") can be obtained
directly as in (4.37) below. For a fixed Vg — Vr and Vg at different temperatures,

NE) is proportional to wSva/(kT) [17]

= 2HﬁnLC3x (VgS _VT )2 fVSVd

N, (E") 7 = (4.37)
2 2
HLLC V) Sy 0 o (438)
qv; kT kT
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Using (4.32) and (4.38), and following the derivation of Dutta and Horn [17], the

frequency exponent y of the 1/f” noise spectral density is given as

7:_8lnSW:1_ 1 (alnsm_l) (4.39)
Onw In(wz,)\ dInT

If (4.39) is satisfied, it is a strong evidence that the number-fluctuated 1// noise is
generated due to the thermally-activated process with a distribution of the trap

activation energies.

4.3.3. Model verification and surface trap density extraction

To examine whether the measured number-fluctuated 1/ noise can be
described by the Dutta—Horn model, (4.39) is applied to calculate y(7) based on the Syq
vs. T plot in Figure 4.7, and then the calculated y(7) is compared with the measured
y(T) in the same plot as shown in Figure 4.8. For both devices, the magnitude and the
overall shape of the measured y(7) is described reasonably well by the Dutta—Horn
model [17], [98], with the largest y discrepancy of ~0.1 found in “Device 1” between
250 and 280 K. Evidently, the number-fluctuated 1/ noise measured in these FInFETs
is well described by a random, thermally-activated process with a distribution of the

trap activation energies.

The surface trap density N/(E") at different temperatures can be extracted
based on the Svg vs. T plot in Figure 4.7 through (4.38). This defect-temperature
distribution can be parameterized as a function of the activation energy through (4.32).
In Figure 4.9, N/E") at f= 10 Hz is plotted as a function of 7 (lower x-axis) and E'
(upper x-axis). The shape of N(E) greatly affects the values of y because if the trap
distribution around E increases with energy, y > 1; while if M/(E") decreases with

energy, y < 1. From this, the effect of a peak in N/(E") is that y changes from greater to
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smaller than unity, while a dip in N/(E") results in y changing from smaller to greater
than unity. These corresponding changes in y and N/(E’) are observed in Figure 4.8
and Figure 4.9, respectively. The extracted trap density is comparable to that of the
bulk-CMOS devices with the SiO,/poly-Si gate stack [43], [96], [100] and is of the
same order as that predicted in the ITRS roadmap [96], [101]. The overall magnitudes
of the trap-energy distributions extracted in all the measured devices are within the
same order and similar to each other, with only the positions of a few characteristic
peaks/dips differing in energy. For example, in “Device 17, there are dips in the trap-
energy distribution at 0.68 eV and 0.86 eV and a peak near 0.74 eV, whereas in
“Device 2” there is one peak and one dip at 0.70 eV and 0.83 eV, respectively. This
suggests that the devices have comparable overall defect densities, especially near the
room temperature they are almost the same, however, there are likely variations in the
detailed defect microstructures. For all the measured devices, the trap density
decreases with energy near the room temperature, thus, y less than unity (~0.9) is

observed in the 1//” noise data at the room temperature.

4.3.4. Applicability of the McWhorter noise model

The distinct difference of the McWhorter model from the thermal-activation
model is that the channel carriers are captured by or emitted from the oxide traps
through the quantum mechanical tunneling, with the tunneling time constant

increasing exponentially with the distance z from the Si/SiO; interface as [38]
r,=7,exp(a,z) (4.40)

where o; = 10® cm™! is the attenuation coefficient of the electron wave function in the

oxide. For the equi-energy tunneling process, only the traps located within k7" from the
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electron quasi-Fermi level (Ey) contribute to the current fluctuations. The noise
spectral density of the occupancy of traps within an elemental channel length Ax in the

McWhorter model is given by [38]
2H fin
x 4N Axf, (1- —S—dydzdE 4.41
D=L S (1= ) s dy (4.41)

where Ec — Ev is the silicon energy bandgap. The Fermi-Dirac trap occupancy

function f; is given by

1
FE, j . (4.42)

f =

1+exp(

N{(E, x, y, z) is assumed to be uniformly distributed in the gate area, and fi(1 — f;) in
(4.41) is a sharply-peaked function of the electron quasi-Fermi level Eg,. Thus, Ny(E, x,
v, z) can be approximated by MNy(Es, z) and taken out of the integrals with integral

variables of x, y, and E. The term fi(1 — f) is replaced by —kT(df/dE), since the two

expressions are the same. Hence, (4.41) can be further derived as

n

Sy, (%,f) = 4kT (2H ;, ) Ax[ " N, (E . 2)— 5 d=. (4.43)

1+ o't}
Similar to the derivation of (4.26)—(4.31), the total drain-current noise spectral density
in the strong-inversion region derived based on the McWhorter model is

AT [ N, (Efn,Z)
2H, LC3(V, ~V,) " 1+o'y

Sm(f):

“dz. (4.44)

The Lorentzian in (4.44) is a sharply-peaked function of the distance z from the

Si/Si0; interface with the peak z* given by

79



CHAPTER 4: LFN in N-Channel FinFETs from Weak to Strong Inversion
z =——In(7,w). (4.45)

Similar to the derivation of (4.31)—(4.35), the final expression of Si(f) is derived

approximately as

_ Lg’KIN,(E,.Z)
i 2HﬁnLC¢3x (Vgs - VT )2 atfy .

(4.46)

S (f)

Similar to the derivation of (4.35)—(4.38), the final expression of Ny(Es, z') is derived

approximately as

5 2
2HfinLCox (Vgs B VT) & fSVd oc w S . (447)
qV? kT kT

N./(E,

fn %

z*)z

Following the approach of Dutta and Horn [17], if w and T are varied so as to

keep Ni(Ef, z ) unchanged, wSva/kT is also unchanged from (4.47), namely,

oN, (E, .z oN,(E,,.z

(Es Z)Aa)+ (£, Z)AT:O (4.48)
ow oT

(i Aw+ iATJ% - 0. (4.49)

ow oT kT

(4.49) can be rearranged as

w[%ﬂ_@%}u(_%sw+£@Swj=o. (450)
kT kT oT

kT kT Ow

Combining (4.48) and (4.50), we have

~(/T)S,, +0(35,,/0T) N, (E,.2")/oT 4.51
Sy +a)(8SVd/8a)) ) ON, (Ef"’z* )/@a) o

Since OSva/0w = (Svd/ @)(0InSve/Olnw) and OSve/0T = (Sva/T)(OInSyye/OInT), (4.51)

becomes
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@ ON wS,, ON, 0In S ON ON, 0In S

_ Y N vd t vd _ tS +8S t Vd. 4.52
Too ™ T owomr or ™ “™or oho (3:32)

Then, the frequency exponent y of the 1/f” noise spectral density is given by
__0ls, :l_gﬁNt/éa)(alnSVd _1). (4.53)

Ohnw T ON,/oT\ oInT

From (4.45),

o __ 1

EYS P (4.54)

t

Substitute (4.54) into(4.53), the frequency exponent y of the 1/ noise spectral density

based on the McWhorter model is given by

__Om§, . 1 5Nz/8z*(alnsw—1j (4.55)

olnw Ta, ON,/0T \ oInT

To test the applicability of the McWhorter model in explaining the measured
y(T) in Figure 4.8, the Svq vs. T plot at = 10 Hz in Figure 4.7 is used to fit (4.55) to
the measured y(7) in Figure 4.8. Without a priori knowledge of the spatial variation of
the trap density (ON/dz ), one possible fitting is obtained with the condition

1 oN,/éez

=0.036 4.56
Ta, oN,/oT (4:36)

at f'= 10 Hz, which corresponds to the same result by (4.39) derived from the Dutta—

Horn model, with —1/In(@7) = 0.036.

From (4.38) and (4.47), N(E, z ) = a:N/(E") can be obtained. If N/(E") being
independent of z is assumed to follow the temperature variation in Figure 4.9 as

predicted by the Dutta—Horn model, ONy/OT can be obtained directly by multiplying the
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numerical derivative of the data in Figure 4.9 by a;, as shown in Figure 4.12(a). Then,
to meet the condition in (4.56), ON/6z = 0.036Ta(ON/OT) is required, which is plotted
in Figure 4.12(b). This implies that for the McWhorter model to explain the measured
noise data in Figure 4.7 and Figure 4.8, the variations of the trap density with respect
to both the temperature and the trap location have to follow the patterns shown in
Figure 4.12 at various temperatures. As noticed, Figure 4.12 is only for the probing
frequency f = 10 Hz, which corresponds to z =275 nm by (4.45). At a different
probing frequency, one would expect a different pattern in Figure 4.12(b) due to a
different temperature variation in Figure 4.12(a), which would be a very unlikely event.
In addition, if we do not assume the temperature dependence of Nt'(E*) follows that in
Figure 4.9, there could be arbitrary variations of Ny(Ef, z*) with respect to both 7" and
z' in order for (4.55) to match the measured noise data, since the McWhorter model

involves random variations in both the temperature (AE around Ep, due to the

temperature dependence of Er) and the trap location (Az around z").

Whereas for the thermal-activation model analyzed in section 4.3.2, the
trapping/detrapping time constant has no dependence on z, and is only a function of
the trap activation energy £ as in (4.23). Hence, (4.39) is automatically fulfilled with
no dependence on the detailed trap distribution with respect to the trap location z in
each device, and therefore, the thermal-activation model is more convincing than the

McWhorter model.
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Figure 4.12: (a) Partial derivative of Ny(Ef,, z') with respect to the temperature T vs. the
temperature 7, derived based on Figure 4.9, (4.38) and (4.47). (b) Partial derivative of N(Es,, )
with respect to the trap location 7z~ vs. the temperature 7, obtained based on the data in (a) and

(4.56) at f=10 Hz, which corresponds to z = 2.75 nm.

4.4. Chapter 4 conclusion

In conclusion, for the investigated symmetric DG FinFETs, the current
conduction in the weak-inversion subthreshold region is volume inversion with

channel carriers conducting through the whole silicon body, thus, the mobility
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fluctuation is the dominant 1/f noise generation mechanism. The extracted Hooge
parameter is at the high end of the reported data range for bulk-CMOS devices with
the conventional SiO,/poly-Si gate. This may be due to less surface-roughness and
impurity scatterings in the volume-inverted and ultralow-doped FinFETs. The
conduction in the strong-inversion region is surface mode with the number fluctuation
as the dominant mechanism. Detailed measurements and analyses of the temperature
dependence of the 1/f” noise are performed as a means to examine the origin of the
observed y < 1 at room temperature. It is finally believed to be caused by a thermally-
activated process with a distribution of activation energies, which can be quantitatively
described by the model of Dutta and Horn. The success of this model in describing the
correlated temperature and frequency dependence of the noise characteristics allows
the energy distribution of the defects responsible for the noise generation to be
estimated, and the extracted trap density is comparable to that in bulk-CMOS devices.
Applicability of the McWhorter model for explaining the same noise data has also
been examined, and it is found ambiguous due to possible random variations of the
trap density with respect to both the temperature and the trap location. Due to the
comparable noise characteristics to the bulk-CMOS counterpart, the FInFET device is

expected to be very promising for analog and RF circuit applications.
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CHAPTER 5: Low-Frequency Noise in
Gate-All-Around Silicon Nanowire
Transistors

Due to its better gate control, the gate-all-around (GAA) silicon nanowire
transistor (SNWT) [102]-[105] is considered an important candidate for future CMOS
scaling beyond 32-nm node. The GAA nanowire CMOS inverter logic gates and ring
oscillators (RO) have been fabricated and characterized in the literature [106]-[109].
The noise margin and the inverter threshold voltage depend on the transitions between
the subthreshold and the strong-inversion regions. High noise levels in the
subthreshold region (close to the threshold voltage) may disturb the normal switching
behaviors. SNWTs have also been widely studied as chemical and biochemical sensors
[109]-[112]. The biosensing is based on the pronounced conductance changes induced
by the depletion of the silicon body when the charged biomolecules are bound to the
channel surface. The high noise level in the depletion (subthreshold) region may lead
to the reduced signal-to-noise ratio in these sensors. Hence, the LFN in GAA SNWTs
is a main concern in the subthreshold region. Different noise generation mechanisms
from [9] are observed. Together with the study of the impact of channel orientations
(<110> and <010> directions), it concludes that the mobility-fluctuated LFN is

dominant in the subthreshold region.

On the other hand, as the SNWT has an almost intrinsic body, the normal
SiO,/poly-Si gate stack may set the wrong threshold voltage Vr. The cost-effective

FUlly Sllicided (FUSI) metal-gate scheme with dual gate work functions is thus
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introduced [113], [114]. The FUSI-gate work function is optimized through the
silicidation-induced impurity segregation (SIIS) [115], so that the desired V't for low-
power applications of SNWTs can be achieved. Hence, in the strong-inversion region,
the LFN characteristics in GAA SNWTs with the respective conventional poly-Si gate,
pre-doped NiSi FUSI gate (doped-FUSI), and undoped NiSi FUSI gate (undoped-
FUSI) are compared. Different gate voltage dependences of the LFN above V7 are
observed, which means that different charge conditions near the gate/SiO, interface
induced by different gate electrodes may play an important role in the low-frequency

channel current fluctuations, most likely through the mobility scattering.

The multi-gate transistors also turn out to be an effective way to meet the
scaling limitations of nonvolatile memory (NVM) cells. The SONOS-type NVM cells
fabricated by combining a nitride trap layer with the FInFET [116] or the GAA SNWT
[117] have demonstrated good memory performance. However, the Fowler—Nordheim
(FN) tunneling mechanism, which has been widely used for programming and erasing
NVM cells, induces the gradual degradation of the oxide properties such as the oxide-
trap generation [118]. The 1/f noise probed in the transistor is mostly correlated with
the oxide-traps existing within 3 nm from the SiO,/Si interface [119], and should
therefore be one of the accurate methods for characterizing the oxide degradation.
Hence, a comparative study of the 1/f noise degradation caused by the FN tunneling
stress in cylindrical-channel GAA SNWTs and planar-channel double-gate (DG)
FinFETs under different polarities and magnitudes of the stress voltage and different
stress times is performed. The impact of the device architecture is clearly observed and
further studied by simulating the potential-energy distribution and the electric field in

the gate oxide and around the SiO,/Si interface.
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5.1. Low-frequency noise in the weak-inversion subthreshold region

5.1.1. Device and dc measurement

The details of the fabrication process were as follows [105]: The 8"-(100)
silicon-on-insulator (SOI) wafer with a silicon layer (~10"°> ¢cm™) of thickness 200 nm
on top of a buried oxide (BOX) of thickness 150 nm was used as a starting material.
The active area was patterned and etched down to a 60-nm-wide Si narrow fin of
different lengths by the alternating-phase-shift-mask (alt-PSM) lithography in a KrF
scanner, plasma resist trimming and dry etching. The short-length fin can be achieved
by using the advanced lithography tools such as ArF with immersion and/or by some
kind of spacer techniques. The patterned Si was then oxidized in the dry O, at 875 °C
for 4 hours, which resulted in two Si nanowire cores due to the stress limited oxidation
and located at the bottom and top of the Si fin respectively. The top wire was etched
away by dry etching and the bottom wire was released from the oxide by wet etching
(6-min dip in the 1:25 DHF solution). It was followed by the gate stack deposition,
which contained 4-nm thermally-grown SiO, and 130-nm LPCVD amorphous-Si (a-
Si). After the gate stack deposition, the gate was patterned and etched. To surmount
the issue of defining the gate under the silicon body and to protect the nanowire during
the gate dry-etch step in case of any misalignment in the gate lithography step, the gate
was defined longer than the wire length, around 70-nm oversize on each side of the
wire. The implantation of the source/drain (S/D) and a-Si gate was then carried out
using As with 4x10" cm™ dose and 30 keV energy and BF, with 2x10"> cm? dose
and 35 keV energy for N- and P-FETs, respectively. A longer activation annealing
(950 °C for 15 min) was used to ensure the uniform dopant diffusion throughout the a-

Si gate and S/D extensions beneath the gate. The standard metal-contact formation and
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sintering processes completed the process. The schematic view of the SNWT is shown
in Figure 5.1(a). The thickness of the thermally-grown SiO, gate dielectric is 4 nm.
The Si core has a cross section of rectangular shape with the height of ~120 nm and
width of ~30 nm. For the calculation purpose, the cross section of the SNWT is treated
as a circle with an equivalent radius of ~40 nm. The gate lengths L of the investigated

SNWTs are 90, 130, and 180 nm.

Prior to noise analyses, the dc characteristics of SNWTs were measured by an
HP4156C Semiconductor Parameter Analyzer. The transfer characteristics of both n-
and p-type SNWTs with the gate length of 90 nm at |V4| = 50 mV and with the
channel oriented in the <110> and <010> directions are shown in Figure 5.1(b). The
typical electrical parameters of the measured SNWTs are the threshold voltage of 0.13
V for n-FET and —0.27 V for p-FET, and the subthreshold slope of ~60 mV/dec for n-
FET and 66 mV/dec for p-FET. LFN measurements were then performed using two
battery-powered SR570 Low-Noise Current Preamplifiers and one HP35670A
Dynamic Signal Analyzer to obtain the frequency spectrum. The background noise at
corresponding gate voltages with all other terminals grounded was also measured, and

subtracted from measurements at nonzero drain biases to obtain the device LFN.
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Figure 5.1: (a) Schematic view of the SNWT. (b) Transfer characteristics of both n- and p-type
SNWTs with L =90 nm at |V = 50 mV, and with the channel oriented in the <010> and <110>
directions, respectively. The Zoom-in view of the subthreshold current of the p-FET from I; =
1x10” to 1x10™* A is shown in the inset.

5.1.2. Measurement results and discussion

In the subthreshold region, the current-conduction behavior in the SNWT is
very different from that in the bulk-CMOS transistor. In the subthreshold region of a
lightly-doped GAA SNWT, the drain-current level is proportional to the area of the
cylindrical cross section for a given bias condition, and volume inversion takes place
[105], [120]. The carriers flow through the whole silicon body and, thus, can be

considered as the “bulk conduction” as compared to the “surface conduction” in bulk-
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CMOS transistors. The interaction between the oxide traps and the conduction channel
is therefore suppressed due to the large separation of most carriers from the interface
and the oxide traps. In the ultrascaled SNWTs with the gate area below 0.1 pm? only
several traps, or a single trap, or even no trap would be active in the trapping and
detrapping process near the Si/SiO, interface [9], [77]. Hence, the generation of the
exact 1/f noise in a single ultrascaled SNWT through the carrier trapping and
detrapping process and its correlated mobility scattering becomes less probable.
However, the typical 1/fnoise was observed in the studied SNWTs in the subthreshold
region with no random telegraph signal (RTS) noise on top of it. This may be due to
the fact that for the volume-inverted SNWTs in this regime, the Fermi level is not
crossing the bandgap at the depletion layer as in the case of bulk-CMOS transistors
and the oxide-traps are about half full and half empty and inactive in the trapping/de-
trapping process. Alternatively, this no-active-trap situation may be due to the
ultrascaled device dimension. Hence, the number-fluctuated noise is completely
eliminated. However, the mobility-fluctuated noise still remains. This is evident from
the experiments of the RTS noise in small-area devices, where the residual signal after

the subtraction of the RTS noise still exhibits a 1/f'spectrum [77].

Figure 5.2(a) shows the frequency dependence of the measured drain-current
noise spectral density Siq in six samples of the 90-nm p-type SNWTs with the channel
oriented in the <110> direction, biased at V3 = —50 mV and /4 = 3.1 nA. Si4 extracted
at /=10 Hz of each curve is shown in the inset. A typical 1//” behavior with y = 1.03
was obtained. The dispersion of the noise spectral density is around half decade as
seen from the inset of Figure 5.2(a). It is significantly lower than that reported in [9],
in which the randomly distributed oxide traps introduce up to five orders of Sy

dispersions. For volume-inverted SNWTs with the same subthreshold current, the
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lattice quality and mobility variations of the ultrascaled SNWTs may be the main
reason for Sig dispersions. In order to obtain the average noise spectrum, twenty
samples for each gate length were measured. The averaged results of the noise spectral

density are used in the following discussion.

Figure 5.2(b) shows the average normalized drain-current noise spectral
density <S1d/1d2> at = 10 Hz as a function of the drain current /3 when sweeping the
gate voltage Vs while keeping |V constant at 50 mV for both n- and p-type SNWTs
with different gate lengths and different channel orientations. The log-log plot of
Sld/ld2 vs. 14 exhibits a slope close to —1, which shows that the mobility-fluctuation
model is involved. If the 1/f noise is due to the carrier-number fluctuations, Sld/ld2 is
almost independent of the drain current in the subthreshold region and the proportional
correlation between Sld/]d2 and (gm/ld)2 (gm 1s the transconductance 0/4/0V,;) should be
obtained. However, as shown in the inset of Figure 5.2(b), a large slope deviation
between Sld/ld2 and (gm/ld)2 is observed in the subthreshold region, which further
confirms the mobility-fluctuation mechanism. Moreover, the normalized noise Sld/]d2
at a fixed drain-current level is almost inversely proportional to L*, which is a strong

indication that the noise contribution from the series resistances is negligible [66].

91



CHAPTER 5: LFN in Gate-All-Around Silicon Nanowire Transistors

1021 5
(a) L=90nm, P
; Vys = - 50 mV
1022 ; )\ : lg=3.1nA
1.2 TN
~—~~ i d
< |
-23 | O . n
N< ] T . I
= 81 :
T 1024 4 ~ O .
N N :
61 o :
— .
25 | e .
10 1 4t ~ .
o .
10'26 2- T T .7. .....E T T T T T T s
101 100 10t 102 108 10¢
Frequency, f (Hz)
{(b)
103 E
H/\
IN 10—6 4
I
Nt
A
N
S ]
% fno*
(\,/) 107 q10°
] N/\
] - > O L=90nm,<110>
107 | & - ’
] g ~Omld"P A L=130nm,<110>
Loe Id (A) O L=180nm,<110>
109 10 108 107 106 V- L=90nm,<010>
10° 108 107
lg (A)

Figure 5.2: (a) Drain-current noise spectral density Sy of six p-type SNWTs with L =90 nm and
the channel oriented in the <110> direction, biased at V3, =-50 mV and constant I; = 3.1 nA.
Measured Sy, dispersions at =10 Hz is shown in the inset. (b) Average normalized drain-current
noise spectral density at |V =50 mV and f= 10 Hz vs. I for both n- and p-type SNWTs with L =
90, 130, 180 nm, respectively. For the L = 90-nm devices, we have the channel oriented in both
<010> and <110> directions. The noise data of 90-nm n- and p-type SNWTs in the <110> direction
is compared with the corresponding (constant x (g,/1,) %) in the inset. Open symbols: p-type, Solid

symbols: n-type, Solid line: fitted by (5.10).
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5.1.3. Model for the channel 1/f noise

The empirical expression of the Hooge mobility-fluctuation model [18], [95] is

given as
Si (f) _ay
15 = w (5.1

with ay the Hooge parameter and N the total number of carriers under the gate. For the
studied SNWTs in the subthreshold region, N is generally smaller than 20. This is the

first time that the empirical expression (5.1) is tested for such a low V.

The subthreshold current of the lightly-doped GAA SNWT can be expressed as

[120]
R2 q(VgS—Aaﬁ) W
1, :,uﬂTnikTe oo l-e # (5.2)

where u is the effective mobility, R the radius of the silicon core of the SNWT, L the
channel length, n; the intrinsic carrier concentration, and A@ the work function

difference between the gate electrode and the almost-intrinsic silicon body.

From both the surface-potential expression ys and Gauss’s law applied at the
Si/Si10; interface, a f-dependent expression f{ff) with S a parameter related to R and

is defined as [120]

q
f(B) :E(Vgs -V, -V (x)) (5.3)
with
v, =80+ L £—8§T8S£ j (5.4)
q \qgnR
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where V(x) is the electron quasi-Fermi potential at x along the channel. In the
subthreshold region, f ~ 1, () ~ In(1 — p) [120], together with (5.3), 1 — S can be

derived as

L (Ve =V,V(x))

1-pB=e" . (5.5)

Qi(x), the carrier charge density per unit area at the channel position of x, is derived in

[120] as

5 KT 1=/

Q(x):4R . 7 .

(5.6)

Since f ~ 1 in the subthreshold region, substituting (5.4) and (5.5) into (5.6), we have

q

_qn, R L(v,-no-r(x)

~ ik_Tu—ﬁ)_TekT . (5.7)

0 (x) .

Following the approach described in [49] and with the help of (5.2) and (5.7),

the final expression of S1a/14> for SNWTs in the subthreshold region is

_qus

S]d (f)= aH — aH 2ﬂkT l-e kT 1_. (5.8)
LW,

Since the subthreshold slope of the p-type SNWT is not as ideal as that of the
n-type one, two ideality factors m and m' related to the gate and drain biases,

respectively, are added into (5.2) as

2 (Vs ) _all
I, =u ”f nkTe " [1—e m'kf] (5.9)

which leads to the final mobility-fluctuation model in the subthreshold region as
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—Q‘Vds‘
S _ m'kT
. (2f) |y gy Py 2HKT ] < ‘L (5.10)
N A )

where m =1, 1.1 and m' = 1, 1.03 for n- and p-type SNWTs, respectively. For SNWTs

working in the Ohmic region with very low drain biases, (5.10) can be simplified as

1
—. 5.11
I (5.11)

Sld(f):aH _ %y q,U|V
poooomWNoyree

5.1.4. Model verification and Hooge parameter extraction

The effective mobility u is approximated from the /-V data of the long-channel
SNWTs and is around 150, 45, and 90 cm?*/Vs for n- and p-type SNWTs with the
channel oriented in the <110> direction and p-type SNWTs in the <010> direction,
respectively. From variations in Figure 5.2(b), ag following (5.10) or (5.11) has been
extracted to be ay ~ 1.2x107* and 7x107 for the n- and p-type SNWTs, respectively.
opy of p-type SNWTs is the same in the <110> and <010> directions, which means that
oy is independent of the channel orientations. The extracted Hooge parameters are
within the range reported for conventional bulk-CMOS devices with the SiO,/poly-Si
gate stack and are close to the value predicted from the ITRS roadmap for 45-nm

technology node [96].

S1a/l4 versus Vys for n- and p-type SNWTs in the subthreshold region is shown
in Figure 5.3. A linear increase at low Vs values is observed and a plateau is reached
for high Vs values (Si¢/lq= 1.88x107" and 3.2x107'* A/Hz for n- and p-type devices,

respectively). The computed values of Si//y using (5.10) are also reported. Good
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agreement is observed. The normalized drain-current noise SId/IdZ versus Vys plotted in

the inset of Figure 5.3 shows the similar behavior.
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Figure 5.3: Variations of average S14/14 at f= 10 Hz versus Vg for (a) n- and (b) p-type SNWTs in
the subthreshold region with L = 90 nm and the channel oriented in the <110> direction. Symbols:
experimental data, Solid line: fitted by (5.10). The normalized noise <S814/1;*> at the same bias
range is shown in the inset in the respective case.
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Figure 5.4: Impact of channel orientations of SNWTs on the (a) drain current I, and (b) average
drain-current noise spectral density <S;4> at |Vy| = 50 mV, f= 10 Hz and with the gate voltage
fixed at 0.1 V and -0.22 V for n- and p-type SNWTs, respectively. The channel of SNWTs with L =
90 nm is oriented in the <010> or <110> direction.

5.1.5. Impact of channel orientations

The SNWTs with L = 90 nm have the channel oriented in the <110> and
<010> directions, respectively. As indicated in Figure 5.1(b), for a fixed bias, there is
no significant difference of the subthreshold current (or mobility) for n-type SNWTs
in two different orientations. However, the subthreshold current (or mobility) for p-
type devices in the <010> orientation is found to be 2.1 times that in the <110>
orientation. The extrapolated /3 values at Vg = 0.1 V and —0.22 V for n- and p-type
SNWTs respectively are shown in Figure 5.4(a). From (5.10), it is seen that Sy4 is
proportional to x in the channel for a given V4 and /yg. Hence, as shown in Figure
5.2(b), the magnitude of Sig for n-type SNWTs is almost the same in the <010> and
<110> orientations, whereas the Sy for p-type devices in the <010> orientation is
about twice that in the <110> orientation. This actually confirms that the mobility-

fluctuation mechanism is dominant in the subthreshold region, because in the number-
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fluctuation model there is no dependence of Siq on the mobility at a fixed drain-current
level [41]. Moreover, for a given Vs, if Vs is fixed instead of the drain current /g, it is
expected from (5.9) and (5.10) that Sy is proportional to ,uz. The measurement data
shown in Figure 5.4(b) agrees with the prediction from the mobility-fluctuation model:
Siq of p-type SNWTs with the channel oriented in the <010> direction is almost four
times that in the <110> direction. As a result, a stronger drain current and mobility
enhancement observed in certain channel orientation may also cause a higher LFN
level in the corresponding orientation. This would be a tradeoff for future applications

of SNWTs.

5.2. Low-frequency noise in strong inversion with different gate electrodes

5.2.1. Device and dc measurement

The details of the fabrication process are similar to the ones reported in section
5.1.1 [113], [114] except that the gate FUSI step is included for cetain wafer splits.
The implantation and RTA activation of the gate and source/drain (S/D) were all
performed prior to the gate FUSI process. By employing a reverse gate mask, the S/D
regions were blocked from the silicidation by the SiN/oxide hard mask layer. A single
step NiSi FUSI process fully silicided the gate. An RTA soak anneal at 420°C was
used in order to fully silicide the GAA structure. The wafers were split into three
categories after the step of a-Si gate stack deposition: only wafers designed for
SNWTs with the conventional poly-Si gate or doped-FUSI gate went through the gate
dopant implantation and annealing step. Then the complete gate silicidation with Ni
was only done for the doped- and undoped-FUSI gate wafer splits. Figure 5.5 shows

the schematics and the details on the dopant type and dose of the three wafer splits
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with different gate electrodes: (a) poly-Si gate, (b) undoped-FUSI gate, and (c) doped-
FUSI gate. Gate doping dose for the wafer split with the poly-Si gate was adjusted to
match that with the doped-FUSI gate. The schematic of the GAA SNWT is the same
as that shown in Figure 5.1(a). The thickness of the SiO, gate dielectric is 4 nm, the Si
core has a diameter dyy of ~10 nm, and the gate length L of the investigated SNWTs is

0.35 pm.

The 14—V, transfer characteristics of both n- and p-type SNWTs at [Vy| = 50
mV are shown in Figure 5.6. It shows that the poly-Si and undoped-FUSI gate
electrodes set the magnitude of V1 too low (n-type: 0.03 V, p-type: —0.02 V) and too
high (n-type: 0.46 V, p-type: —0.65 V), respectively. The work function of the FUSI
gate was tuned by using the Phosphorus (dose: 3x10" ¢cm™) and Boron (dose: 3x10"
cm 2) pre-doping of the poly-Si for n- and p-type SNWTs, respectively; and therefore,

the optimum V1 values (n-type: 0.26 V, p-type: —0.25 V) were obtained.

The 1/f noise measurements were then performed by using two battery-
powered SR570 Low-Noise Current Preamplifiers and one HP35670A Dynamic

Signal Analyzer to obtain the frequency spectrum.
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Figure 5.5: Schematic plots of three SNWT wafer splits: (a) The split has the conventional
implantation-doped poly-Si gate. (b) The split has the NiSi-FUSI gate without any prior gate
implantation. (c) The split has the NiSi-FUSI gate with the gate pre-doped via the implantation
for the gate workfunction tuning.
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Figure 5.6: I, vs. V of both n- and p-type SNWTs with three different gate electrodes at V| =50
mV. Solid line: poly-Si gate, Long dash line: doped-FUSI gate, Short dash line: undoped-FUSI
gate.

5.2.2. Measurement results and discussion

Figure 5.7(a) shows the frequency dependence of the measured drain-current
noise spectral density Sig of seven samples of n-type SNWTs with the doped-FUSI
gate, biased at Vg, =50 mV and Iy = 8.3x107" A. The dispersion of the noise spectra is
around one decade and the observed device-to-device variations are due to the
statistical fluctuation of the number of oxide traps in the ultra-scaled SNWTs with the
gate area on the order of 0.01 pm? [8], [38]. Although one or two humps are observed
in certain individual noise curves, the sum of the noise spectral density of seven
samples follows a 1/f dependence with y = 1.08, where y is the frequency exponent.
The average drain-current noise spectral density <Sj¢> vs. frequency f'at Iy = 8.3x107

A for n-type SNWTs with all three different gate electrodes are shown in the inset of
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Figure 5.7(a). The averaged results of the noise spectral density are used in the

following discussion.

Figure 5.7(b) and (c) show the average normalized drain-current noise spectral
density <Si¢/I;>> at f= 10 Hz as a function of I3 at |Vg| = 50 mV for n- and p-type
SNWTs, respectively, and the plots of (gm/ls)* (gm is the transconductance 8l4/d)| Ves))
vs. 14 are shown correspondingly for comparison. For both types of SNWTs with the
undoped-FUSI gate, the observed Siy/li* is largely proportional to (gm/ls)* in the entire
14 range measured, which indicates that the 1/f noise of these devices is consistent with
the carrier-number-fluctuation model including the correlated mobility fluctuation, and
the carrier trapping/detrapping process near the Si/SiO; interface is the dominant noise
generation mechanism with negligible correlated mobility scatterings [38], [42]. While
for both types of SNWTs with the poly-Si gate or doped-FUSI gate, there are slope
deviations observed between the SId/Id2 and (gm/ld)2 curves, which means that the
correlated mobility scattering is more significant in these two kinds of devices,

especially the ones with the poly-Si gate.

10—19
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1020 N-FETs
lg = 830 nA
102 4 sum of 7 samples
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7 samples

T a
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Figure 5.7: (a) Siq vs. f of seven individual n-type SNWTs with the doped-FUSI gate biased at V
=50 mV and constant I; = 8.3x107 A, and the sum shows a typical 1/f” behavior with y = 1.08.
Average <Sjg> vs. fat Iy = 8.3x10” A for n-type SNWTs with all three different gate electrodes are
shown in the inset.
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Figure 5.7 (cont.): (Symbols) <S1a/l4>> vs. I, of (b) n-type and (c) p-type SNWTs with three
different gate electrodes at [Vy| =50 mV and f= 10 Hz. The noise data is compared with the
corresponding plots of (constant % (gn/Ig)?) vs. Iy drawn by solid lines.

For the carrier-number fluctuation model including the correlated mobility

fluctuation [42], [121], the gate-voltage-referred noise spectral density is given by

S, =8, l+au,C, |V, VI (5.12)

\,Sl/g :ﬂSVﬂ, [1+aﬂocox|Vgs_VT|] (513)
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with a the scattering coefficient, u, the low-field mobility, Cox the gate oxide
capacitance per unit area, and Svg the flatband-voltage noise spectral density
associated with the near-interface charge fluctuations, given as

_ AkTq’N,

Vy = W—LCZ (5.14)

where / is the tunneling attenuation length, 7 the effective channel width (W = zd,,, is

used in the calculation), and N, the oxide trap density (eV 'cm ™).

Figure 5.8(a) and (b) show the plots of <Svg>” * measured at = 10 Hz versus
the gate voltage overdrive (Vo — V1) for n- and p-type SNWTs, respectively. A
discernible slope difference is observed among the noise curves for three different gate
electrodes. The SNWTs with the undoped-FUSI gate exhibit the flattest slope,
indicating the insignificant correlated mobility fluctuations, whereas a pronounced
linear increase of <Svg>1/2 with respect to (Vg — V1) 1s noticed for SNWTs with the
poly-Si gate. The strong gate-voltage dependences confirm that in strong inversion the
noise induced by the correlated mobility scattering is most significant in SNWTs with
the poly-Si gate, and then doped-FUSI gate, compared to the counterparts with the
undoped-FUSI gate. Moreover, for SNWTs with Rs(gmi + 2gouTi) << 1, where Rg is the
series resistance of the source or drain side, gmi and gouri are the intrinsic
transconductance and output conductance, respectively, when the effect of series

2 being proportional to ( Vs — V1)* can be

resistances is significant, the trend of (Sv,)
observed with the SNWTs biased at constant Vs [38]. This is not the case in Figure 5.8.

Hence, the effect of series resistances is insignificant in the drain-current range

investigated.
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three different gate electrodes at [V =50 mV and f= 10 Hz. The solid lines are fitting curves by
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(5.13).

5.2.3. Noise parameters extraction

With the values of 1,Cox being extracted from the /4—V,s curves and Cox being

calculated from the capacitance measured on the test structure of 1000 parallel
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SNWTs (Table 2) and from Figure 5.8, the average values of N; and a are extracted

using (5.12)—(5.14) for the respective devices and are listed in Table 3.

Table 2: The dc parameters needed for the noise parameters extraction.

poly-Si doped-FUSI | undoped-FUSI

N:2.1x10* | N:4.4x10* N: 4.3x107*

#oCox (KIVS) | b 564105 | P:7.0x10°° P: 1.4x107"

N:1.2x10°% | N:1.7x10°° N: 1.7x107¢

2
Cox (Flem’) | 5150107 | P2 1.4x10° P: 1.4x10°

Table 3: The extracted equivalent oxide-trap density and scattering coefficient of SNWTs with
three different gate electrodes.

poly-Si doped-FUSI | undoped-FUSI

N, N:3.7x10"7 | N:6.8x10" N: 6.8x10"7
eV'em™) | P:5.6x10"7 | P:7.4x10" P: 7.0x10"
N: 3.2x10° N: 1.4x10° N: 9.5x10?

a(VsIC) | p.71x10° | P:43x10° P: 1.5%10°

The extracted values of N, are comparable to those reported for bulk-CMOS
devices but are close to the high-end of the data range [96]. They are also on the same
order and comparable to each other for three different gate electrodes. These results
indicate that the dielectric quality is not degraded by the gate FUSI process. Moreover,
the tunneling depth z at which the traps in the oxide are probed is determined by the

measurement frequency f as

—271# — 7 exp(z/ A) (5.15)
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where 17, is the time constant at the Si/Si0, interface and in the range of 10t0 10" s
and 4 is the tunneling attenuation length (0.1 nm) predicted by the Wentzel-Kramers-
Brillouin (WKB) approximation. From (5.15), for f/ from 1 to 10k Hz and 7, in the
range of 107* to 107'% s, the depths of oxide traps probed are not beyond 3 nm. This
implies that the traps located at the gate/SiO; interface (z = 4 nm) are not participating

directly in the trapping/detrapping process with the channel.

In contrast, different values of a extracted reveal that the impact of different
gate electrodes on the correlated mobility fluctuation is responsible for the observed
slope difference in Figure 5.8. The use of the metal gate with a high electron
concentration induces a more complete screening of both the insulator phonon modes
[122], [123] and the Coulombic scattering induced by the charges trapped in the oxide
and their related image charges [124]. Whereas the strongly-depleted layer of the poly-
Si gate containing a very low carrier concentration is less effective in screening the
phonon and Coulomic scatterings in the oxide, actually it may even anti-screen them
through the long-range Coulombic scattering [125]. Hence, the negligible correlated
mobility fluctuation is observed in SNWTs with the undoped-FUSI metal-gate
compared to those with the poly-Si gate. However, once the FUSI gate is pre-doped,
the correlated mobility fluctuation is still observable. This may be due to the existence
of sub-monolayer amounts of impurities segregated at the gate/SiO, interface [115].
The electro-negativity difference between each segregated impurity and the oxide in
the Si0O, dielectrics induces an interface charge dipole, as shown in Figure 5.9. These
high-density electric dipoles may counteract the screening efficiency of the FUSI
metal-gate and, thus, the correlated mobility fluctuation is observed in SNWTs with

the doped-FUSI gate.
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Figure 5.9: Electric dipole model at the NiSi/SiO, interface. X stands for the impurity atom that
composes the impurity segregation.

It worths mentioniong that there may be trapped charges detrapping towards
the gate. This may influence the measured drain-current fluctuation in two ways. In the
number-fluctuation process regarding the charge interactions between the channel and
oxide traps, this may be revealed as the increase of the emission time of the oxide trap
seen by the channel, since the charge is emit from the oxide trap towards the gate and
not returned to the channel. In the correlated-mobility process, the charges detrapped
towards the gate may also influence the channel mobility as they did when they were
trapped in the oxide, but the extent of the influence may be different due to different
distance from the channel. More detailed design of experiments can be carried out in
the future to elaborate on this point and estimate the percentage of the number and
correlated mobility fluctuations that are influenced by this process of detrapping

towards gate for different gate electrodes.
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5.3. Low-frequency noise characterizations of the robustness of FinFETs and
SNWTs to the oxide trap generation under the FN tunneling stress

5.3.1. Device and dc measurement

The details of the fabrication process of the n-channel poly-Si-gate DG FinFET
and GAA SNWT are similar to the ones reported in section 4.1 and 5.1.1, respectively.
The schematics of the FInFET and SNWT can be obtained from Figure 4.1(a) and
Figure 5.1(a), respectively. The thickness of the SiO, gate dielectric 7x and the gate
length L for both device architectures are 4 nm and 0.35 pm, respectively. The Si core
of the SNWT has a diameter d,y of ~10 nm. The fin height Hg, and fin width #; of the
DG FinFET is 0.12 pum and 40 nm, respectively. The test structure in this study has

100 parallel individual SNWTs and FinFETs.

The current—voltage characterization and the FN tunneling stress of the devices
were performed using an Agilent 4156C Semiconductor Parameter Analyzer. The 1/f
noise measurements were performed using two battery-powered SR570 Low-Noise
Current Preamplifiers and one HP35670A Dynamic Signal Analyzer to obtain the
frequency spectrum. During the constant-voltage FN tunneling stress, the stress
voltage Vs was applied to the gate electrode while keeping the source/drain grounded.
In order to investigate the effect of the FN tunneling stress on the 1/f noise, the noise
measurement and the FN tunneling stress application were alternately performed.
After each FN tunneling stress cycle, both the drain current /4 and the 1/f noise were
monitored. The evolutions of the transfer characteristics /¢—V, at the drain voltage Vs
= 50 mV were measured as a function of the FN tunneling stress time at Vg = 4.5 and
—4.5 V in the respective cases. The threshold voltage shift AVt versus the stress time ¢

is reported in Figure 5.10. The /4—V,y plot of the SNWT before and after the FN
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tunneling stress at Vg = — 4.5 V is shown in the inset. The negative V1 shift suggests

the positive charges built up in the gate oxide.
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Figure 5.10: Threshold voltage shift as a function of the FN tunneling stress time. The inset shows
the 13-V, plot of the SNWT subject to the FN tunneling stress at Vg =—4.5 V with the stress time
increasing from 0 s to 60 s in a 12-s step.

5.3.2. Measurement results and discussion

The impact of the FN tunneling stress on the 1/f noise is studied for both
FinFETs and SNWTs. The drain-current noise spectral density Sig was investigated at
Vas = 50 mV and with Vg varying in the strong-inversion region, before and after the
FN tunneling stress. As reported in section 5.2.2, the 1/f noise in this region follows
the number-fluctuation model with the correlated mobility fluctuation [42], in which
Sig can be expressed as Sia/(gm)” = Svg = Svall + auoCox (Vs — V1)I7, With Syp, =
MTg*NJ/(WLCo’f) , where all the symbols take their usual meanings. At (Vs — V1) =0,
and at fixed values of Vs and f, Siq is proportional to N;. Hence, the change of the 1/f

noise can be translated to the change of N,. The initial near-interface oxide-trap density
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N(0) extracted for all the devices before the FN tunneling stress is on the order of 10"
eV 'em .

The fresh devices of both FInFETs and SNWTs were stressed at different stress
times ¢ and at Vg = 4.5 and — 4.5 V in the respective cases. ANi(t) = Ni(t) — N(0)
represents the increase of the near-interface oxide-trap density after stressing for a time
t. The normalized increase AN(t)/Ny(0) as a function of the stress time ¢ is shown in
Figure 5.11. The evolution of Sy versus f for the SNWT before and after the FN
tunneling stress at Vg = —4.5 V with the increase of the stress time is correspondingly
shown in the inset. Apparently, the 1/f~type nature of the power spectral density is
preserved during the stress application. The 1/f noise, which is translated to the near-
interface oxide-trap density, increases only at the beginning of the stress time and
tends to saturate after a short period of time around 10s. Compared to the Vr shift
under the same stress condition in Figure 5.10, in which hole-traps in general keep
being created as the FN tunneling stress continues. It suggests that the created oxide
traps responsible for the Jr shift are not completely involved in the 1/f noise

generation mechanism. The relationship between the threshold voltage V1 and the gate

oxide charge density per unit volume QO is as

V. = OtherTerms — UOZ % (, —z)dz ] (5.16)

ox

where #,x is the gate oxide thickness, z the direction perpendicular to the Si/SiO;
interface with the starting point z = 0 at the Si/Si0; interface and end point z = £ at
the gate/oxide interface, and €.« the permittivity of oxide. Hence all the oxide charges
within the gate oxide may contribute to the V1 shift. The oxide charges involve in the

1/f noise depending on the probing frequency f as explained by (5.15). For f from 1 to
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10k Hz, the depths of oxide traps probed are not beyond 3nm. The extracted oxide-trap
density from the 1/fnoise is thus called near-interface oxide-trap density M. It does not
mean all the oxide-traps inside the gate oxide. Hence the oxide-traps contribute to Vy

shift may not be completely involved in the 1/fnoise probed.
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Figure 5.11: Variations of the normalized increase of the oxide-trap density (A/V(#)/Ny(0)) after
different stress times (7). The corresponding evolution of S\4 versus f for the SNWT, from which
the oxide-trap density is extracted, before and after the FN tunneling stress at Vo =—4.5 V with

the increase of the stress time is shown in the inset.

The constant-voltage (Vg > 0 or Vg < 0) stress was also applied on the fresh
FinFETs and SNWTs with |Vg| increasing from 3 V to 6.5 V in a step of 0.5 V for
studying the generation of oxide traps induced by FN tunneling. At each Vg, the device
was stressed for 50s. The 1/f noise measurements were carried out before and after
stressing at each Vg. AN(Vg) = Ni(Vi) — N(Vs — 0.5 V) represents the change of the
near-interface oxide-trap density caused by each V. |Vg| = 3 V is used as the starting

point for calculating the increase of near-interface oxide-trap density for |Vg| = 3.5V,
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because no increase of near-interface oxide traps is observed at |Vg| =3 V and below,
as observed in Figure 5.12 that AN(Vs =3 V) =NV =3 V) - N(Vg=2.5V)=0.
The value of Vi at |Vg| = 3.5 V and beyond is above 3.2 V which corresponds to the
band conduction offset between Si and SiO, and FN tunneling occurs. For inversion,
Vox at Vg = 3.5 V can be approximately calculated by taking into account the flatband
voltage Vi, and the silicon body potential 2@ as [127]: Vox = Vg — Vi — 2@ = Vg —
Dps — 20p = 3.5 — (— 0.56) — 0.575 = 3.48 V, where @r is the potential difference
between the midgap position and the Fermi level in the silicon body and @ys is the
workfunction difference between the gate electrode and silicon body. For
accumulation, Vo at Vg =— 3.5 V is calculated as [127]: Vox = Vo — Vi — 0.55 + @p =
—3.5-(-=0.56) — 0.55 + 0.2877 = —3.21 V. The normalized change AN(V)/N(Vs —
0.5 V) is plotted as a function of |Vg| in Figure 5.12. The positive ANy(V) means that
the near-interface oxide-trap density increases continuously with |Vg|, which is most
likely due to the increase of the carrier-injection probability with the gate oxide field
[126]. For the FInFET and SNWT under Vs < 0 FN tunneling stress, AN(Vc)/N{(Vs —
0.5 V) increases with increasing |Vg| until it reaches a maximum and then it decreases.
This means that AN(Vs) may become saturated or decrease as |Vg| increases. The
saturation or decrease of ANy{(Vg) is possibly due to the factor that injected current
decreases because of decrease of terminal field due to electron trapping in the gate
oxide. On the other hand, the total near-interface oxide-trap density N; increases
continuously with |Vg|. Therefore, the plotting of AN(Vg)/N(Vs — 0.5 V) will create

peak structures [127].
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Figure 5.12: The normalized change of the oxide-trap density after stressing at each V¢
(AN{(VG)/Ny(Vi — 0.5 V)) as a function of the amplitude of the stress voltage (|V;|). The stress time
at each Vg is 50s.

As shown in both Figure 5.11 and Figure 5.12, for a given polarity and
magnitude of the stress voltage Vg and a given stress time ¢, the amount of the near-
interface oxide traps generated in the cylindrical-channel SNWT is always much larger
than that in the planar-channel FinFET. The increased efficiency of the oxide-trap
generation in SNWTs is investigated through device simulations. The simulated
electric fields of both the FiInFET and SNWT with the gate biased at 4.5 and —4.5 V,
respectively, before the FN tunneling stress, are shown in Figure 5.13. The cylindrical
geometry enhances the electric field at the SiO,/Si interface of the SNWT, which is
nearly 1.6 times that of the planar-channel FinFET. The large vertical electric field at
the SiO,/Si interface enhances the carrier-injection probability, and thus, increases the
efficiency of the oxide trap generation. The cylindrical-channel SNWT is therefore
more vulnerable to the oxide-trap generation than the planar-channel FinFET. This

observation could be more understandable through a simple calculation. Apply Gauss’
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Law from the Si/SiO, interface to the center of Si body per unit gate area, we have
QOilesi = —E, where Q; is all the charges inside this Gauss box, & the permittivity of
silicon and FE the vertical electric field at the Si/SiO, interface. For the charge balance
of the whole device, O = —Og = —CoxVox, Where Qg is the gate charges per unit gate
area, Coy 1s the gate oxide capacitance per unit gate area and Vo is the voltage across
the gate oxide. Finally, E = CyVox/esi 1s obtained. For FInFET, Cox = €ox/fox, While for
SNWT, Cox = eox/(RIn(1+2,x/R)) [128], where o is the permittivity of oxide, 7ox the
gate oxide thickness and R the radius of the Si body of SNWT. For a given external
bias and gate oxide thickness, £ for FinFET is proportional to 1/¢., while £ for SNWT
is proportional to 1/(RIn(1+#./R)). In this study 7ox = 4nm, R = Snm, 1/(RIn(1+2,x/R)) =
0.34 nm! > 1/tx = 0.25 nm L. It is obviously shown that the electric field is enhanced

in the cylindrical-channel SNWT.
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Figure 5.13: Simulated electric field distribution of the cylindrical-channel SNWT (solid line) and
the planar-channel FinFET (short-dashed line) at (a) Vg=4.5V and (b) Vg=-4.5V.

It is worth mentioning that the cylindrical architecture also has an impact on
the barrier width for tunneling as observed in the simulated potential-energy profiles in
Figure 5.14. In the present case, the band width difference is not so significant because

the terminal voltage and the barrier height determined by the band offset between Si0,
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and Si are fixed for both the FinFET and SNWT. However, once the FinFET or
SNWT is built into the SONOS-type NVM cells, the barrier width of the SNWT-based

cell is reduced to nearly half of that of the FinFET-based cell [117].

Another observation in Figure 5.11 and Figure 5.12 is that for both FinFETs
and SNWTs, the increase of the near-interface oxide traps induced under Vg < 0 FN
tunneling stress is much larger than that under Vs > 0 FN tunneling stress. This
observation is well explained in the literature [129]: In the case of Vg > 0 FN tunneling
stress, electrons are injected from the silicon body by FN tunneling, and gain energy
from the oxide field. The electron-hole pairs are generated by the high-energy tail hot
electrons in the heavily-doped poly-Si gate and most of them are quickly recombined
[129]. While in the case of Vg < 0 FN tunneling stress, electrons are injected from the
gate by FN tunneling through the oxide conduction band. Electrons are also
accelerated by the oxide field and gain the kinetic energy. The hot electrons colliding
with Si atoms at the SiO,/Si interface produce the electron-hole pairs by the impact
ionization [129]. The generated hot holes are injected back to the oxide by the gate
potential, and cause the generation of the oxide traps close to the SiO,/Si interface
[130]. Hence, the generation of the oxide traps that contribute to the 1/fnoise, namely,
the near-interface oxide traps, is more severe under Vg < 0 FN tunneling stress than
that under Vg > 0 FN tunneling stress. The FN tunneling processes at Vg = 4.5 and

—4.5 V are indicated in Figure 5.14(a) and (b), respectively.
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Figure 5.14: Simulated potential-energy profile of the cylindrical-channel SNWT (solid line) and

the planar-channel FinFET (short-dashed line) with the FN tunneling process drawn at (a) Vg =
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5.4. Chapter 5 conclusion

In the subthreshold region, the SNWT is volume inverted with carriers
travelling through the entire silicon body; therefore, the SNWT exhibits LFN
behaviours in agreement with the mobility-fluctuation model. The channel orientation
may have an impact on both dc and LFN characteristics of SNWTs. In the present case,
the LFN of p-type SNWTs with the channel oriented in the <010> direction is higher
than that in the <110> direction, which is consistent with the observed impact of
channel orientations on the drain-current level. In the strong-inversion region, the LFN
of SNWTs follows the number-fluctuation model with the correlated mobility
scattering. The gate electrode has a strong impact on the LFN behaviours. The limited
charge carriers in the depleted layer of the poly-Si gate is less effective in screening
the correlated mobility scattering, whereas it is effectively screened by the undoped-
FUSI metal-gate attributed to the large electron concentration in the metal gate. For
SNWTs with the doped-FUSI gate, the existence of charge dipoles at the gate/

dielectric interface may be the source of the observed mobility-scattering event.

The vulnerability of SNWTs and FinFETs to the oxide-trap generation, which
is measured using the 1/f noise method in connection with the constant-voltage FN
tunneling stress, is also studied. The device architecture has a strong influence on the
oxide-trap generation. The simulation results reveal that the vertical electric field at the
Si0,/Si interface of SNWTs is increased due to the cylindrical architecture, which
leads to the enhanced efficiency of the oxide-trap generation in SNWTs. Furthermore,
the amount of oxide-traps generated under Vg < 0 FN stress is always much larger than
that under Vg > 0 FN stress because of the back-injection of impact-ionization-

generated hot holes into the SiO,/Si interface.
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CHAPTER 6: Conclusions and
Recommendations for Future Work

6.1. Conclusions

In this work, low-frequency noise characteristics in the emerging CMOS
devices such as double-gate FinFETs and gate-all-around silicon nanowire transistors

have been characterized, investigated and modeled.

First of all, a floating-gate test structure for LFN characterizations in
conventional CMOS devices has been presented. Instead of using various conventional
designs for the input-bias stage during the LFN measurement, an alternative thinking
by directly charging/discharging the channel to the desired current level before the
LFN measurement has been implemented in the FG test structure. In this approach, the
charges are maintained on the gate without external gate biasing during the LFN
measurement, and therefore, rendering the need for elaborately designed gate-input-
bias stage unnecessary. The noise introduced from the input-bias stage is thus totally
excluded. The applicability of the FG test structure has been tested through
measurements on the nMOS transistors fabricated by the 0.18-um CMOS process, and

its workability is demonstrated very well for both 1/f'and RTS noise measurements.

Then, the LFN investigations on the DG FinFETs and GAA SNWTs have been
carried out. For both the DG FinFETs and GAA SNWTs, the silicon channel in the
weak-inversion subthreshold region is volume inverted and the current conduction is

bulk conduction with channel carriers conducting through the whole silicon body.

120



CHAPTER 6: Conclusions and Recommendations

Therefore, the mobility fluctuation is observed to be the dominant 1/f noise-generation
mechanism. The comparative study of the channel-orientation impact on both the dc
and LFN characteristics of SNWTs further confirms the mobility-fluctuation model in
this region. Both the drain current and LFN in the p-type SNWT is higher for the
nanowire channel oriented in the <010> direction than that in the <110> direction. The
extracted Hooge parameter is at the high end of the data range reported for bulk-
CMOS devices with SiO,/poly-Si gate. This may be due to less surface-roughness and

impurity scatterings in the volume-inverted and almost-intrinsic FinFETs and SNWTs.

In the strong-inversion linear region, for both the DG FinFETs and GAA
SNWTs, the current conduction is surface conduction with the number fluctuation as
the dominant 1/f noise-generation mechanism. The frequency exponent y less than 1 is
observed in the 1// noise characteristics of DG FinFETs. After the detailed
temperature study, it is believed to be caused by a thermally-activated process with
nonuniformly distributed activation energies. The model of Dutta and Horn can be
used successfully in describing the correlated temperature and frequency dependence
of the 1/f” noise. The energy distributions of the oxide-traps can be estimated based on
this model, and the extracted trap density is found to be comparable to that in the bulk-
CMOS. The applicability of the McWhorter model in explaining the same noise data
has also been discussed, and found not convincing due to possible random variations

of the trap density with respect to both the temperature and the trap location.

For SNWTs in strong inversion, the impact of three different gate electrodes,
i.e., the poly-Si gate, doped-FUSI gate, and undoped-FUSI gate, on the LFN
behaviours has been investigated. The oxide-trap density extracted based on the
number-fluctuation mechanism is found to be comparable among three different gate

electrodes and not degraded by the gate FUSI process. However, the gate type has a
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strong impact on the correlated mobility scattering. The limited charge carriers in the
depleted layer of the poly-Si gate are less effective in screening the Columbic
scattering induced by the charges in the oxide traps as well as the scattering field of
the insulator phonons, thus, the strongest mobility scattering is observed in SNWTs
with the poly-Si gate. The correlated mobility scattering is effectively screened by the
undoped-FUSI metal-gate due to the large electron concentration in the metal gate. For
SNWTs with the doped-FUSI gate, the existence of charge dipoles at the gate/SiO,
interface counteracts the screening efficiency of the metal gate, the mobility scattering

1s therefore observed.

The impact of device architectures on the oxide-trap generation in FinFETs and
SNWTs under constant-voltage FN tunneling stress is studied by using the 1/f noise
method. The simulation results reveal that the cylindrical architecture of the SNWT
leads to the increased vertical electric field at the SiO,/Si interface and the decreased
tunneling distance when being built into the SONOS structure. Hence, the enhanced
efficiency of the oxide-trap generation is observed in SNWTs. Similar to the
observations in the bulk-CMOS, the amount of oxide-traps generated under Vg <0 FN
tunneling stress is always much larger than that generated under Vg > 0 FN tunneling
stress because of the back-injection of impact-ionization-generated hot holes into the

Si0,/S1 interface.

The DG FinFET and GAA SNWT have comparable near-interface oxide-trap
density to their bulk-CMOS counterpart, but with a superior short-channel-effect
immunity over the bulk-CMOS. Hence, they are expected to be very promising for

analog and RF circuit applications.
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6.2.

il.

iil.

1v.

Recommendations

The following works are recommended for future study.

The temperature study of LFN in multigate transistors biased in the
subthreshold region can be performed for further understanding of the topic
‘the number fluctuations vs. the mobility fluctuations’. However, an
improvement of the noise measurement setup may be needed; especially the

noise contribution from the temperature vibration should be taken care of.

Since the area of multigate transistors is on the order of 0.01 pm?, the number
of oxide traps may be on the order of single digit. The ultrascaled dimension of
multigate transistors with randomly distributed oxide traps may lead to the high
dispersion of the noise spectral density. The impact of process variations on the
statistical fluctuations of the noise spectral density and, in turn, on the

analog/RF performance of multigate transistors can be investigated.

The multigate transistor, which has the superior intrinsic RF scaling capability,
may become a suitable candidate for low-power RF applications. With the
properly designed RF structure and RF probe pad, the high-frequency noise
characteristics of multigate transistors and their impact on the RF applications

can be studied.

In order to bring together the physics and device world with the circuit world,
the LFN which is one of the key difficulties in RF/analog circuit designs (e.g.,
voltage-controlled oscillator, mixer and low-noise amplifier) is worth

discussing in the RF/analog circuit domain.

The LFN characteristics can be investigated in the silicon-nanowire-based p'—

i-n" tunneling FET, which is proposed to be an excellent candidate for ultralow
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power and high-density applications. Then, the comparison of noise
characteristics can be done between this tunneling FET and the conventional

silicon nanowire transistor.
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